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ABSTRACT
Until recently, Carbon Fiber was considered to be a space-age material because of
its applications. However, due to the advancements in the synthesis of these materials and
manufacturing carbon fiber on a large scale, it has now become possible to use carbon fiber
in day-to-day applications. Components which were traditionally being made out of steel
or aluminum are now being redesigned and made using carbon fiber composites. The
Boeing 787 Dreamliner fuselage is an excellent example where carbon fiber has been used
as the major component. This is due to the fact that carbon fiber components are much
lighter and have a higher strength to weight ratio. Moreover, carbon fiber can be
synthesized according to the requirements of the application for possessing any customtailored properties. In the 1980’s, an important phenomenon termed as Bistability in
composites was observed in unsymmetric CFRP laminates.[1] Bistability in composites is
the existence of two stable states in the same composite structure. It is possible to transition
between these two stable states by a snap-through or a snap-back process. The composite
samples experience a large deformation while snapping-through or snapping-back and
thus, a bistable composite can find an application as a part of an Adaptive Structure. The
phenomenon of Bistability is observed due to the unsymmetric stacking sequence of the
laminates and the thermal stresses developed during the curing process of these composite
laminates.
While a lot of work has been done on Bistable composites, this research aims at
combining the concept of Kirigami with Bistable Composite structures. According to this
method, the Bistable laminates are fabricated in a Kirigami pattern. The concept of
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Kirigami is very similar to Origami. The only difference is that Kirigami allows cutting in
addition to folding along the creases of a 2-dimensional pattern. This results in the creation
of complex 3-dimensional structures. Thus, the Kirigami pattern is used to lay the
individual laminae in such a way that individually bistable laminates are connected to each
other with the help of a tab. In this research, the curing process and the snap-through and
the snap-back processes of a Kirigami unit cell are simulated using ABAQUS™. Further,
the same tests are recreated using a Universal Testing Machine setup for qualitative
validation of the FEA model. A separate testing procedure has also been developed to
investigate the strength and the snapping phenomenon due to the presence of the tab in the
structure. This procedure is again used to validate the FEA results obtained from
ABAQUS™. In doing so, this research aims to answer some of the questions concerned
with the snapping behavior and stiffness of Kirigami composites.
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CHAPTER ONE
INTRODUCTION
An ‘adaptive structure’ in technical terms stands for any structure which can alter
its geometric form or material properties. Structures which exhibit these properties can be
also known as ‘smart’, ‘active’ or ‘intelligent’. However, the utility of any structure
depends on the ability of the structure to adapt to performance demands or environmental
conditions. Hence, adaptability has become the key design factor for a range of structural
and mechanical systems. This requirement has helped to further the development of
adaptive structure technology. A majority of the applications of adaptive structures were
developed due to the need created by the aeronautical and space research fields. This
included the need for a high level of material performance in terms of strength, flexibility
and minimal weight.[2] Figure 1.1 represents the requirements of any shape-adaptable
system.

Figure 1.1. Requirement triangle of adaptive structures[2].
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The first discipline of structures is that of lightweight design. These structures are
required to have a high strength-to-weight ratio. As a result, these are provided with a low
degree of deformability. A conventional mechanism is designed as a load-carrying
structure which can be shape-adaptable. However, in order to meet both these
requirements, it becomes a heavyweight structure. The third discipline consists of
compliant mechanisms which can be light and shape-adaptable but they are limited in terms
of their load-bearing capacity. Using the current design techniques, a designer can
successfully fulfill two out of these three requirements.
A multistable structure is an adaptable structure which can sustain multiple stable
state configurations on its own. According to this definition, the structure will maintain its
physical form in more than one stable states and will continue to remain stable unless an
external force acts on it. A bistable composite can be used to design and fabricate
multistable structures. In this case, the multistable structure can snap or alter its physical
form and transition to a different stable state. Additionally, bistable composites can provide
adaptability up to a certain degree and help to achieve all three requirements of an adaptive
structure. These structures are lightweight and their load-carrying capacity can be varied
depending on the number of plies used. They are not exactly ideal adaptive structures,
however, with the application of patterns from the Kirigami domain, we can vary the shape
as well as the stiffness of the whole structure. As a result, we get highly ‘adaptive’
structures which can be programmed on the basis of their multiple stable states of existence.
Hence, in order to study bistable composites and Kirigami, we will discuss the basics of
composites in the following section.
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Composites
The human civilization has been using composite materials since a long time. These
may include reinforced mud used by the Egyptians to build houses or even bricks made up
of straw and mud used by the ancient Israelites. By the turn of the 20th Century, modern
composites were invented. These modern composites, mainly fiber-glass, found their
application in the fabrication of aircrafts and boats. This gave rise to the development of
fibers made from carbon, boron and aramids.[3]
A composite material is the combination of two or more materials on a macroscopic
scale to form a different useful material. This resultant material is such that its components
can be distinguished with a naked eye. One component of this composite material is called
as the reinforcing phase and the other component is called as the matrix phase. Reinforced
concrete is one such example of a composite material where the concrete forms the matrix
phase and the steel forms the reinforcing phase. The four types of commonly accepted
types of composite materials are as follows:
1.

Fibrous composite materials that consist of fibers in a matrix.

2.

Laminated composite materials that consist of layers of various materials.

3.

Particulate composite materials that are composed of particles in a matrix.

4.

Combinations of some or all the above types.[4]

Fiber reinforced polymer composites (FRP) consist of the matrix and the
reinforcements. The matrix is formed by polymers (thermosets mostly) like epoxy, vinyl
esters, phenolics etc. while the reinforcements are formed by either synthetic fibers like
carbon, glass, aramid etc. or natural fibers like sisal, jute, choir etc. The reinforcement
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phase provides strength, stiffness and other mechanical properties to the composite. The
matrix phase covers and surrounds the reinforcement thereby exposing itself directly to the
environment.
On the basis of the fiber arrangement in the matrix, these composites can be further
classified as Fibrous composites and Laminated composites. As shown in the Figure 1.2,
if the fibers do not have any particular structure and are just mixed with the matrix, it forms
Fibrous composites. However, if we get a layered construction of the fibers in the matrix,
then it is called as a Laminated composite.[5] A laminated composite with unidirectional
fibers is represented in the Figure 1.3. The earliest FRP materials used glass fibers
embedded in polymeric resins. The combination of high-strength, high-stiffness structural
fibers with low-cost, lightweight, environmentally resistant polymers resulted in composite
materials with mechanical properties and durability better than either of their constituents.
[6] This thesis research concentrates on the use of Laminated Carbon Fiber Polymer
Composites.
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Figure 1. 2. Actual fiber assembly in matrix [4].

A laminate is a bonded stack of laminae with various orientations of principal
material directions in the laminae. The basic building block of a laminate is a lamina which
is a flat arrangement of unidirectional fibers or woven fiber in a matrix.

Figure 1.3. A lamina with unidirectional fibers [5].
The major purpose of lamination is to tailor the directional dependence of strength
and stiffness of a composite material to match the loading environment of the structural
element. In this way, the principal material directions can be oriented according to need.[4]
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Any laminate is specified in terms of its layup or the stacking sequence of the
different laminae. A layup with each ply of equal thickness but different angle of fiber
orientation, each ply is listed out in terms of its angular orientation, for example, [0/90/60].
If multiple laminae occur at the same angle, then subscripts are used to designate the
number of such layers, for example, [0/0/90/90] = [02/902]. If the sequences of laminae are
repeated then those sequences are grouped with a subscript to indicate the number of
repetitions of that particular group, for example, [0/90/45/0/90/45] = [0/90/45]2. Laminates
are classified as Symmetric or Unsymmetric on the basis of their arrangement with respect
to the mid plane of the layup. If the laminae are located symmetrically, they are represented
with an “S” as subscript, for example, [0/90/90/0] = [0/90]S. If the laminae are stacked in
such a way that there are no repetitions of sequences or laminae, they are represented with
a “T” as subscript, for example, [0/90/-90/45/-45] = [0/90/-90/45/-45]T.

Figure 1.4. Unbonded view of a laminate [7].
The aerospace industry uses Advanced Composite materials which consist of high
performance reinforcements of thin diameters embedded in a matrix like epoxy and
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aluminum. Even in the commercial sector, organizations are turning towards the
development of composite materials for replacing metals and alloys. This is because
composite materials provide better dimensional stability at elevated temperatures. A
component made from a composite is lightweight compared to a metallic component. An
automobile chassis made from Carbon Fiber Reinforced Polymer composite is the best
example of composite materials used for weight reduction without compromising on the
strength of the structure.[7,8] Some composite materials can also provide two stable states
depending on their layup sequence. The following section describes these bistable
composites in brief.
Bistable Composites
As mentioned earlier, a symmetric laminate is essentially a laminated composite
which is symmetric in both geometry and fiber orientation about its mid plane. As a result,
the bending-extension coupling is eliminated in such a laminate and it also eliminates the
associated internal stress generated during the curing process. Hence, symmetric laminates
find a lot of applications in components that require minimum bending along with high
structural rigidity and strength.
However, unsymmetric laminates are not symmetric about their mid-plane in terms
of the fiber arrangement. Hence, they exhibit an anomalous behavior on curing due to the
generation of a significant bending-extension coupling. If this coupling is strong enough,
the unsymmetric laminates can possess two stable states of equilibrium.[9] Thus, such
unsymmetric laminates can settle into any of these stable states and continue to remain in
these states without any external stimuli. However, it is possible to snap the laminate from
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one of its stable states to the other with the application of sufficient force or displacement.
In doing so, the laminate will experience a large deformation and snap to the other stable
state.[1,10–12] These unique characteristics can be used to an advantage in order to design
and fabricate multistable, adaptive and multi-functional structures.[13,14] A single bistable
laminate is too simple to be used as a fundamental building block of a structure. It will be
very difficult to actually put the two stable states of the laminate to use. Hence, we decided
to combine the idea of bistability with the concept of Kirigami. In this way, we utilize the
large deformations generated by a bistable laminate in a structural pattern to create a
complex structure out of a number of simple bistable laminates.
Kirigami
Kirigami is a concept that has been derived from the concept of Origami. It explores
what can be created from the folding of nearly unstretchable surfaces. However, in order
to create structures for buildings, metamaterials or electronic circuits, it is necessary to
advance the “art of paper folding: Origami”. This is where Kirigami helps as it allows the
design engineer to create complex 3D structures from thin 2D sheet material. It is a
variation of Origami that involves cutting of the 2D sheets in addition to the folding
operation. It has been used originally to make “pop-up” books, but it has now started
finding engineering applications as well. One such interesting applications consists of a
honeycomb metamaterial fabricated using the cutting and folding principles of Kirigami to
provide shape morphing capability.[15] There is another application for efficient solar
tracking wherein, an elegant cut-pattern is created using thin film gallium-arsenide solar
cells which are stretched to adjust their orientation according to the sun’s position.[16,17]
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Using this background as the baseline, we define the problem statement and the research
objective of this thesis in the following section.
Problem Statement and Research Objective
In order to create a multistable structure using bistable composite laminates, it is
necessary to fasten or connect individually bistable laminates to each other. In doing so,
each bistable laminate will maintain its bistability in spite of the newly formed structure.
Such a structure will be able to utilize the individual bistability of these laminates to create
a structure having a range of mechanical properties depending on the overall configuration
of the structure. Hence, this project aims to combine two patches of unsymmetric laminates
in a Kirigami pattern involving a single cut. Thus, a simple composite segment with
bistable behavior can be grouped together with another bistable patch to create a complex
and a multi-functional structure. Such kind of a structure will have multiple stable states of
existence with variable stiffness depending on the stable state configuration. This structure
will be referred to as a “Kirigami composite” or a “Kirigami unit cell” in the succeeding
sections. A patch containing multiple bistable composite laminates connected to each other
via rectangular patches will be called as a Kirigami multistable composite.
The main objective of this thesis project is to study the mechanical properties and
the snapping behavior of a Kirigami composite unit cell. It details the fabrication process
for a single cell of a Kirigami composite. In addition to this, this project will study the
response of the Kirigami composite unit cell when subjected to different displacementcontrol test procedures. These experiments have been re-created on ABAQUS™ in order
to validate the experimental results. The experiments have been carried out to investigate
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the snapping behavior of the Kirigami unit cell and also to determine the stiffness response
exhibited by the Kirigami composite. It is our research objective to showcase the
fundamental snapping behavior of a single cell Kirigami composite so that it can open up
more opportunities for its applications.
Thesis Outline
Chapter 2 discusses the existing literature on Bistable composites, Kirigami and an
intersection of both the concepts. It is a summary of the research work done in both these
fields. Chapter 3 discusses in brief the development of a Kirigami unit cell model on
ABAQUS™. It also details the fabrication procedure used and the experimental setup for
the Full prototype snapthrough, fixed tab test, the stiffness test and the curvature
measurement. Further, chapter 4 elucidates on the results obtained from the various
experiments and discusses the cause of these results. It also talks about the modification of
the thermal expansion coefficient on the basis of the curvature measurement. In chapter 5,
a stiffness parametric study is presented with the help of results obtained from
ABAQUS™. In the end, chapter 6 summarizes the work done in this project and determines
the future work necessary to carry this project forward.
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CHAPTER TWO
LITERATURE REVIEW
Detailed discussion on Bistable Composites
In order to study a potential application of Bistable composites, it is necessary to
understand the reason behind achieving a bistable configuration. It is dependent on the
material properties of the composite material. Hence, it is important to look at the
micromechanics and the macromechanics involved in a composite laminate.
Micromechanics
The Figure 2.1 represents the basic constituents of a lamina. With the help of the
micromechanics approach, one can calculate the homogenized engineering constants for
each individual lamina with the engineering constants for each individual constituent
already known.

Figure 2.1. Constituents of a lamina[4].
However, in order to determine the homogenous engineering constants for a lamina, it is
necessary to make certain assumptions: the lamina is linearly elastic, macroscopically
homogeneous and transversely isotropic; the fibers are linearly elastic, macroscopically
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homogeneous, transversely isotropic, regularly spaced, perfectly aligned, and perfectly
bonded to the matrix; the matrix is linearly elastic, macroscopically homogeneous,
isotropic and void free. On the basis of these assumptions, for a unidirectional composite
lamina, the engineering constants E1, E2, 𝜈𝜈12 and G12 are calculated from the engineering
constants of fiber and matrix Ef, Em,𝜈𝜈𝑓𝑓 ,𝜈𝜈𝑚𝑚 , Gf, Gm and volume fractions of fiber and matrix
Vf ,Vm using the rule of mixtures.

E1 = 𝐸𝐸𝑓𝑓 𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚 𝑉𝑉𝑚𝑚

(2.1)

𝑣𝑣12 = 𝜈𝜈𝑓𝑓 𝑉𝑉𝑓𝑓 + 𝜈𝜈𝑚𝑚 𝑉𝑉𝑚𝑚

(2.3)

E2 =

𝐸𝐸𝑓𝑓 𝐸𝐸𝑚𝑚
𝐸𝐸𝑓𝑓 𝑉𝑉𝑚𝑚 + 𝐸𝐸𝑚𝑚 𝑉𝑉𝑓𝑓

(2.2)

𝐺𝐺12 =

𝐺𝐺𝑓𝑓 𝐺𝐺𝑚𝑚
𝐺𝐺𝑓𝑓 𝑉𝑉𝑚𝑚 + 𝐺𝐺𝑚𝑚 𝑉𝑉𝑓𝑓

(2.4)

where E, v and G are the modulus of elasticity, Poisson’s ratio and modulus of rigidity of
a material.[18]
Macromechanics of a lamina
The macromechanics of lamina deals with the characteristics seen in certain types
of lamina and also the type of response a lamina offers to applied stresses. It is important
to understand the characteristics of a lamina because it is the basic building block of a
laminated fiber-reinforced structure. Thus, using the engineering constants found from the
micromechanical behavior of a lamina, it is possible to develop the stiffness and
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compliance matrices for a lamina. Macromechanical behavior of a lamina takes into
account the stress-strain relationship of an anisotropic material. The generalized Hooke’s
law relating stresses to strains is written as follows

σi = Cij εj i,j = 1, … , 6

(2.5)

where σi are the stress components indicated on a three-dimensional cube in X, Y and Z
coordinates in Figure 2.2, Cij is the stiffness matrix and εj are the strain components.

Figure 2.2. Stresses on an Element[4].
The contracted notation for three-dimensional stresses and strains is defined in comparison
to the usual tensor notation in Table 2.1.
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Stresses

Strains

Tensor

Contracted

Tensor

Contracted

Notation

Notation

Notation

Notation

σ11 (σ1)

σ1

ɛ11 (ɛ1)

ɛ1

σ22 (σ2 )

σ2

ɛ22 (ɛ2)

ɛ2

σ33 (σ3 )

σ3

ɛ33 (ɛ3)

ɛ3

τ23 = σ32

σ4

γ23 = 2ɛ23

ɛ4

τ31 = σ31

σ5

γ31 = 2ɛ31

ɛ5

τ12 = σ12

σ6

γ12 = 2ɛ12

ɛ6

Table 2.1 Tensor versus Contracted Notation for Stresses and Strains[4]
As observed in the table, the engineering shear strain γij is twice the shear strain ɛij.
According to the expression of Hooke’s law in Equation (2.1), the stiffness matrix Cij will
have 36 constants. However, due to the stiffness matrix being symmetric, viz. Cij = Cji,
there remain only 21 independent constants. Thus, the stiffness matrix with 21 independent
constants is represented as follows

 σ 1   C11
σ 2  C12
  
σ 3  C13
 =
τ 23  C14
τ 31  C15
  
τ 12  C16

C12
C 22
C 23
C 24
C 25
C 26

C13
C 23
C 33
C 34
C 35
C 36

C14
C 24
C 34
C 44
C 45
C 46
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C15
C 25
C 35
C 45
C 55
C 56

C16   ε 1 
C 26   ε 2 
C 36   ε 3 
 
C 46  γ 23 
C 56  γ 31 
 
C 66  γ 12 

(2.6)

This matrix characterizes anisotropic materials because there are no planes of symmetry.
However, if there is one plane of material property symmetry, the stress strain relations are
reduced to

 σ 1   C11
σ 2  C12
  
σ 3  C13
 =
τ 23   0
τ 31   0
  
τ 12  C16

C12 C13
C 22 C 23
C 23 C 33
0
0
0
0
C 26 C 36

0
0 C16   ε 1 
0
0 C 26   ε 2 
0
0 C 36   ε 3 
 
C 44 C 45 0  γ 23 
C 45 C 55 0  γ 31 
 
0
0 C 66  γ 12 

(2.7)

In case there exist two orthogonal planes of material property symmetry for a material,
symmetry will exist relative to a third mutually orthogonal plane. Thus, the stress-strain
relations arising in this case will be

0
0   ε1 
 σ 1   C11 C12 C13 0
σ 2  C12 C 22 C 23 0
0
0   ε 2 
  
σ 3  C13 C 23 C 33 0
0
0 ε3 
 =
 
0
0 C 44 0
0  γ 23 
τ 23   0
τ 31   0
0
0
0 C 55 0  γ 31 
  
 
0
0
0
0 C 66  γ 12 
τ 12   0

(2.8)

This type of a material is called as an orthotropic material. There is no interaction between
normal stresses σ1, σ2, σ3 and shearing strains γ23, γ31, γ12. In a similar way, there is no
interaction between shearing stresses and normal strains as well as none between shearing
stresses and shearing strains in different planes. There are only 9 independent constants in
the stiffness matrix. If at every point of a material there is one plane in which the
mechanical properties are equal in all directions, then the material is called as a transversely
isotropic material. For example, if the 2-3 plane is the plane of isotropy, then the 2 and 3
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subscripts on the stiffnesses are interchangeable. As a result, we have only 5 independent
constants in the stress-strain relations.

0
0
0   ε1 
 σ 1   C11 C12 C13
σ 2  C12 C 22 C 23
0
0
0   ε 2 
  
σ 3  C13 C 23 C 33
0
0
0 ε3 
 =
 
0
0 (C 22 − C 23) / 2 0
0  γ 23 
τ 23   0
τ 31   0
0
0
0
C 66 0  γ 31 
  
 
0
0
0
0 C 66  γ 12 
τ 12   0

(2.9)

A unidirectional composite lamina falls under the category of a transversely isotropic
material. Thus, for such a material, the strain-stress relations are,

0
0
0  σ 1 
 ε 1   S 11 S 12 S 12
 ε 2   S 12 S 22 S 23
0
0
0  σ 2 
  
 ε 3   S 12 S 23 S 22
0
0
0  σ 3 
 =
 
0
0 2( S 22 − S 23) 0
0  τ 23 
γ 23   0
γ 31   0
0
0
0
S 66 0  τ 31 
  
 
0
0
0
0 S 66  τ 12 
γ 12   0

(2.10)

Here, the plane of symmetry is along 2-3 making the compliances isotropic and in the 1direction, the compliances are different.
Engineering constants are generalized Young’s moduli, Poisson’s ratios and shear
moduli as well as some behavioral constants. These constants are measured in simple tests
like a uniaxial tension test or a pure shear test. These tests are performed with a known
load or stress. The resulting displacement is then measured. The slope of a stress-strain
curve or the slope of a strain-strain curve will give the required engineering constants. For
example, E= σ/ɛ or v= -ɛy/ ɛx. As a result, the components of a compliance matrix (Sij) are
determined more directly than those of a stiffness matrix (Cij). In case of an orthotropic
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material, the compliance matrix can be written in terms of engineering constants in the
following manner.

 1
 E1

 − ν 12
 E1

 − ν 13
[ Sij ] =  E 3
 0


 0


 0

−

ν 21

E2
1
E2

−

−
−

ν 31
E3

ν 32

0

0

0

0

0

0
0

E2

E3
1
E3

0

0

1
G 23

0

0

0

1
G 31

0

0

0

0

ν 23


0 

0 


0 


0 


0 

1 
G12 

(2.11)

Here,
E1, E2, E3 = Young’s moduli in the 1, 2 and 3 directions.
νij = Poisson’s ratio
G23, G31, G12 = Shear moduli in the 2-3, 3-1 and 1-2 planes.
The material that is used in this research is a unidirectional reinforced laminate. Hence it
is categorized as an orthotropic material. For a unidrectionally reinforced lamina in the 12 plane, a plane stress setting is given by:
σ3 = 0 τ23 = 0 τ31 = 0

(2.12)

It has to be noted that a plane state of stress on a lamina is not an ideal case, but a more
practical approach to achieve the objective of how a lamina must be used with fibers in its
plane. More importantly, a lamina is expected to be loaded only in plane stress because
carrying in-plane stresses is its fundamental capability.
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Figure 2.3. Unidirectionally Reinforced Lamina[4].
Thus, the strain-stress relations will now reduce to
 ε 1   S 11 S 12 0   σ 1 
 ε 2  =  S 12 S 22 0  σ 2 
  
 
γ 12   0
0 S 66  τ 12 

(2.13)

Where
S11 =

1
E1

S12 = −

ν 12

ν 21

=
−
E1
E2

S22 =

1
1
S66 =
G12
E2

(2.14)

The strain-stress relations in Equation (2.13) can also be inverted to obtain the stress-strain
relation as follows.
 σ 1   Q11 Q12 0   ε 1 
σ 2  = Q12 Q 22 0   ε 2 
  
 
τ 12   0
0 Q 66  γ 12 

(2.15)

The Equation (2.15) is called as the Reduced Stiffness matrix for a plane stress condition
in the 1-2 plane. The constituents of this matrix are expressed in terms of the engineering
constants in the following manner:
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Q11 =
Q 22 =

=
Q12

E1

(2.16)

1 −ν 12ν 21
E2

(2.17)

1 −ν 12ν 21

ν 12 E 2
ν 21E1
=
1 −ν 12ν 21 1 −ν 12ν 21
Q 66 = G12

(2.18)
(2.19)

Thus, we can calculate the reduced stiffnesses from the four independent material
properties E1, E2, ν12 and G12. These properties are determined by using the
micromechanical approach.
For the macromechanical analysis of a laminate as a whole, it is necessary that all
the engineering constants, stresses and strains are in a standard global coordinate system.
In case of a lamina, the stiffnesses and compliances were in the local coordinate system
concerned with an individual lamina. Hence, it is necessary to carry out the transformation
of these properties from local coordinate system (1, 2, and 3) to a global coordinate system
(X, Y, and Z). Consider a lamina under plane stress condition with local coordinates (1, 2)
oriented at an angle θ with respect to the global coordinates (X, Y) as shown in the
following Figure 2.4.
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Figure 2.4. Coordinate transformations[18].
Stresses and strains in the local coordinate system are transformed to the global coordinate
system using a matrix known as an inverse transformation matrix [T]-1. This matrix is
represented as follows
 cos 2 θ
[T ] -1 =  sin 2 θ
cos θ sin θ


sin 2 θ
cos θ
2

− cos θ sin θ

−2sin θ sin θ 

−2 cos θ sin θ 
cos 2 θ − sin 2 θ 

(2.20)

The global stresses and strains in the global coordinates can be related by using
� ] as follows
the transformed reduced stiffness matrix [Q

σ x  Q11 Q12 Q16   ε x 
σ y  = Q12 Q 22 Q 26   ε y 
 
  
τ xy  Q16 Q 26 Q 66  γ xy 

(2.21)

This matrix can be determined from the [Q] matrix using the following formula
Q  = [T ]

−1
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[Q ][T ]

−T

(2.22)

In this equation, [T]-T indicates the transpose of the inverse of [T]. It is observed
� 16 and Q
� 26 are non-zero, which means that if the global axis does not
that the coefficients Q

coincide with the local axis, in the presence of a shear stress, normal strains will also be
produced in addition to the shear strain.
Macromechanics of a laminate
A laminate is two or more laminae bonded together to act as integral structural
element. The various laminae are oriented with (local) principal material directions at
different angles to the global laminate axes to produce a structural element capable of
resisting load in several directions. The response of such a laminate is determined by
calculating its strengths and stiffness using the engineering constants and material
properties of the constituent laminae. This is made possible with the application of a theory
called as the Classical Lamination Theory (CLT)[4]. CLT is based on the following
assumptions:
1. The displacements are continuous throughout the laminate.
2. The Kirchhoff hypothesis regarding undeformed normal is assumed to be valid.
3. The strain-displacement relationship is linear.
4. The material is linearly elastic
5. The through-the-thickness stresses are small in comparison to the in-plane
stresses[10].
6. A line originally straight and perpendicular to the middle surface of the laminate
(normal to the middle surface), is assumed to remain straight and perpendicular to
the middle surface when the laminate is deformed. This is equivalent to ignoring
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the shearing strains in planes perpendicular to the middle surface (γxz = γyz = 0),
where z is the direction of the normal to the middle surface as shown in the Figure
2.5.
7. The normal are presumed to have a constant length so that the strain perpendicular
to the middle surface is also ignored (ɛz = 0)[18].

Figure 2.5. Geometry of Deformation in the X-Z plane[4].
The relationship of the laminate forces and moments with the strains and
curvatures is found out using CLT[18]. The stress-strain relation obtained in the
macromechanics of a lamina can be used as the stress-strain relation for the kth layer of a
multilayered laminate.

{σ } k = Q  k {ε } k

22

(2.23)

On the basis of the assumptions of the CLT, the laminate displacements u, v and w in the
X, Y and Z directions are derived by considering the cross section of the laminate in the
X-Z plane as shown in the Fig 2.7. Therefore, the displacement u and v at any point Z in
the laminate are given as

u= u 0 − z

∂w0
∂x

(2.24)

v= v 0 − z

∂w0
∂y

(2.25)

In cases of laminates, for derived displacements u and v in Equations (2.24) and (2.25), the
total strains will be a function of the middle-surface strains and curvature. This is shown
as follows:

εx 
 
εy 
=
γ xy 
 

 ε x0 
κx 
 0
 
ε y  + z κ y 
γ xy0 
κ xy 
 
 

(2.26)

Where ɛx, ɛy, γxy are called as the middle-surface strains; κx, κy are the curvatures of the
laminate due to bending and κxy is the curvature due to twisting. By using these relations,
we can determine the stresses in the kth layer of a laminate in terms of the middle-surface
strains and curvatures as follows:
σ x 
σ y 
=
 
τ xy  k

 κx 
 Q11 Q12 Q16    ε x0 
 

  0 
Q12 Q 22 Q26  +   ε y  + z  κ y  
κ xy  
Q16 Q16 Q66   γ xy0 

K  
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(2.27)

The resultant forces and moments acting on a laminate are obtained by integration of the
stresses in each layer of the laminate. The Figures 2.6 and 2.7 illustrate the in-plane forces
and moments acting on a flat laminate respectively.

Figure 2.6. In-Plane forces on a flat laminate[4].

Figure 2.7. Moments on a flat laminate[4].
The force and moment resultants for an N-layered laminate are given as follows

 Nx 
σ x 
z

 N k  
 N y  = ∑ ∫ σ y  dz
 N xy  k =1 zk −1 τ xy 


 
k
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(2.28)

 Mx 
σ x 
z

 N k  
 M y  = ∑ ∫ σ y  zdz
 M xy  k =1 zk −1 τ xy 


 

(2.29)

k

Where zk and zk-1 are defined in the laminate geometry of Figure 2.8. Generally, the sign
convention used is such that z is positive downward.

Figure 2.8. Geometry of an N-layered Laminate[4].
Thus, by substituting the above relations for individual laminae, we get generalized
expressions for the forces and moments in the laminates.
 Nx 


=
 Ny 
 N xy 



 Q11 Q12

∑
Q12 Q22
k =1
Q16 Q26

n

κx  
Q16   zk  ε x0 
zk
  
  0 
Q26   ∫  ε y dz + ∫  κ y zdz 
zk −1 
 
Q66   zk −1 γ xy0 
κ xy  
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(2.30)

 Mx 


=
My 
 M xy 



 Q11 Q12

∑
Q12 Q22
k =1
Q16 Q26

n


κx 
Q16   zk  ε x0 
zk


 
 

Q26   ∫  ε y0 zdz + ∫  κ y z 2 dz 
zk −1 


Q66   zk −1 γ xy0 
κ xy 


(2.31)

0
It should be noted that ε0x ,𝜀𝜀𝑦𝑦0 , 𝛾𝛾𝑥𝑥𝑥𝑥
, κx, κy and κxy are not functions of z but are middle-surface

values so they can be removed from the summation signs. On simplification, we obtain the
following resultant equations:
 Nx 


=
 Ny 


 N xy 

 A11

 A12
 A16

A12
A22
A26

A16   ε x0   B11
 
A26   ε y0  +  B12
A66  τ xy0   B16

B12
B22
B26

B16   κ x 
 
B26   κ y 
B66  κ xy 

(2.32)

 Mx 


=
My 


 M xy 

 B11

 B12
 B16

B12
B22
B26

B16   ε x0   D11
 
B26   ε y0  +  D12
B66  τ xy0   D16

D12
D22
D26

D16   κ x 
 
D26   κ y 
D66  κ xy 

(2.33)

In these equations,
Aij
=

N

∑ (Q )
k =1

ij k

( zk − zk −1 )

(2.34)

=
Bij

1 N
(Qij ) k ( zk2 − zk2−1 )
∑
2 k =1

(2.35)

Dij
=

1 N
∑ (Qij )k ( zk3 − zk3−1 )
3 k =1

(2.36)

Thus, the Aij are extensional stiffnesses, the Bij are bending-extension coupling stiffnesses
and the Dij are bending stiffnesses. The presence of the Bij terms implies that there is a
coupling between the bending and extension of a laminate. This is because both the forces
and curvatures simultaneously exist along with moments and strains. If both the force and
moment matrices are combined, we get the resultant ABD matrix which links the forces
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and moments to the strains and curvatures. This effective matrix is called as the stiffness
matrix of a laminate.

 N x   A11
N  
 y   A12
 N xy   A16

=
 M x   B11
 M y   B12

 
 M xy   B16

A12
A22

A16
A26

B11
B12

B12
B22

A26
B12
B22
B26

A66
B16
B26
B66

B16
D11
D12
D16

B26
D12
D22
D26

B16   ε x0 
 
B26   ε y0 
B66   ε xy0 
 
D16   κ x 
D26   κ y 
 
D66  κ xy 

(2.37)

In this way, the elastic constants of a laminated Fiber reinforced polymer can be determined
using the material properties of the individual laminae.
Based on the major types of laminates, we will consider symmetric and
unsymmetric laminates for this discussion. Symmetric laminates are symmetric both in
geometry as well as material properties about the middle surface. Thus, the stiffness
equations will be simplified because:
1. Both laminae have the same material properties and principal material direction
� ij )k.
orientations, thereby causing both laminae to have the same (Q

2. If one lamina is a certain distance above the middle surface, then the other lamina
will be at the same distance from the middle surface but below it.
As a result of this symmetry of the material properties and the thicknesses tk, the bendingextension coupling in the stiffness matrix of the laminate will be effectively reduced to
zero (Bij=0). This elimination of the bending-extension coupling makes these laminates
easier to analyze and also does not cause them to bend or twist. This is an important reason
and hence, symmetric laminates are used on a large scale in structural applications.
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In case of unsymmetric laminates, however, the stacking sequence is not symmetric
about the middle surface. Hence, the bending-extension coupling is present and it is not
reduced to zero (Bij ≠ 0). Thus, deformations are produced in the laminate at the end of the
curing cycle.
Analytical Background
In 1981, Hyer identified the bistable behavior exhibited by unsymmetric laminates.
In his paper Hyer observed that the Classical Lamination theory was not successful in
correctly predicting the post-cure shape of asymmetric laminates. The classical lamination
theory predicted the samples studied by Hyer to be saddle-shaped (hyperbolic paraboloid).
However, it was observed that the actual specimens exhibited cylindrical shapes.[1,10]
This was seen as a problem with the Classical Lamination theory in the sense that it
predicted all the unsymmetric laminates to be saddle shaped with unique curvature
characteristics.
The Classical Lamination Theory or the CLT predicts that all the cured
unsymmetrical laminates will have a saddle shape. However, Hyer [10] used the RayleighRitz approximation approach to obtain the quantitative information about the room
temperature shapes of square graphite-epoxy laminates.
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Figure 2.9. Laminate shapes-(a) at elevated curing temperature, (b) saddle shape, (c) a
cylindrical shape, (d) another cylindrical shape [2].
The results obtained by Hyer contrasted with the results predicted by the Classical
Lamination Theory. Hyer observed that 100 mm X 100 mm and 150 mm X 150 mm
samples of [02/902] configuration of graphite-epoxy cured to form cylindrical shapes at
room temperature. Furthermore, they snapped through to a second cylindrical shape at
room temperature on the application of a force. The second cylindrical shape was observed
to be perpendicular to the first cylindrical shape. The Classical Lamination Theory does
not take into account the geometric nonlinearities and hence this was the explanation to the
failure of the CLT [2, 10]. Thus, Hyer developed an extended Classical Lamination Theory
for the class of unsymmetrical cross-ply laminates. This theory helped to predict if the
laminate showed a saddle shape or one or two cylindrical shapes post-fabrication. It was a
non-linear theory based on the polynomial expansion of displacements in order to extend
CLT to include geometric nonlinearities[10]. Hyer was able to get a good agreement with
the results from the test data because he based his theory on the principal of minimum total
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potential energy. However, the assumed polynomial expansion of displacements limited
the generality of the solutions. Hence, Dang and Tang[19] modified Hyer’s method to
predict the room temperature shapes of more general unsymmetric laminates. They
introduced more complex polynomial displacement functions. However, in spite of these
modifications, there were no significant enhancement to the results[20].
Furthermore, authors Dano and Hyer proposed a theory based on the Rayleigh-Ritz
technique and virtual work to predict the snap-through forces and moments for
unsymmetrical fiber-reinforced laminates. A thin [904/04]T cross-ply unsymmetrical
graphite-epoxy laminate is cured flat at an elevated temperature. It was predicted that the
laminate will have two cylindrical configurations when cooled down to room temperature.
These cylindrical shapes were the stable states obtained due to the residual stresses
developed during the curing process.

Figure 2.10. Shapes of [904/04]T laminate (a) Curing temperature (b) room
temperature with cylindrical configuration in X-direction (c) room temperature with
cylindrical configuration in Y-direction (d) room temperature saddle shape.[21]
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This was due to the difference in the thermal expansion coefficient of the material in the
fiber direction and the thermal expansion coefficient in the material transverse to the fiber
direction. The numerical analysis showed that the two cylindrical shapes as well as a saddle
shape satisfied the equilibrium conditions. Hence, a stability analysis was carried out. It
showed that the saddle shape corresponded to unstable equilibrium and hence was never
observed. The two cylindrical shapes correspond to the minimum total potential energy of
the system. The proposed theory was based on assumed forms for the in-plane strain and
out-of-plane strain displacement fields and used the Rayleigh-Ritz technique[21].In
addition to these analytical models, it was important to observe and study the fabricated
bistable prototypes. The following section highlights some of the fabrication procedures
and observations related to the prototyping of bistable composites.
Fabrication
In case of the bistable composites, the fabrication process involves the use of an
autoclave or a vacuum bagging packet. Authors Giddings et al.[22] highlight a basic
fabrication procedure involved in the prototyping of bistable composites. In this paper, they
fabricate [0/90]T and [-30/60]T T800/M21 laminates using a single-dwell autoclave cure
cycle. This curing cycle is the same as the prescribed curing cycle for the M21 resin system.
Initially, the [0/90]T and [-30/60]T laminates are trimmed as per the dimensions of 75 mm
X 75 mm and 150 mm X 150 mm respectively. These laminates are then placed on a flat
metallic surface within the autoclave and then cured. It is observed that the side of the
laminates in contact with the metallic surface has a smooth finish while the opposite side
has a thin layer of resin which bleeds from the top ply and cures on the surface[22].
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Finite Element Model
In order to corroborate the mathematical predictions of Hyer’s Extended Classical
Lamination Theory, it was necessary to develop a finite element model of the bistable
composites. Schlecht et al. developed a finite element model for the bistable unsymmetric
laminates using a MARC Finite Element Analysis Software[23,24]. This model was based
on square cross-ply laminates and they used a so-called backward method to model the
snap-through behavior associated with the cylindrical panels. The results obtained from the
finite element model agreed with the curvatures, however, this method did not provide a
measure of the critical force required for the snap-through behavior. This FEA model also
required intensive computational effort and complex manual simulations for predicting
snap-through. Hence, in order to overcome these advantages Tawfik et al. formulated a
methodology to handle the geometrical nonlinearity of the unsymmetric laminates so that
it can be implemented in a commercial FEA software. The geometric imperfections were
incorporated in ABAQUS™, which offers two procedures, namely RIKS

and

STABILIZE, both of which are capable of solving nonlinear system of equations. Both
the methods are different in terms of their formulation and hence, they also have different
sensitivity of their respective input parameters. The RIKS procedure provides a measure
of the severity of the snap-through by predicting the entire nonlinear behavior in case of
load reversal. However, the STABILIZE procedure helps to introduce artificial damping
which helps to deal with the local instabilities. These local instabilities were found to be
difficult to predict when using the RIKS procedure. The Figure 2.11 represents the
difference in capturing the snap-through behavior using these two procedures with a load
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versus displacement curve. If we compare these procedures with an experimental setup, we
can observe that the STABILIZE procedure is similar to an experiment under load control
where the model jumps to the second stable state as soon as it reaches a critical load. On
the other hand, the RIKS procedure is similar to a displacement control setup where load
drops are tracked at each unstable configuration.

Figure 2.11. Difference in the Load Vs Displacement Curve using RIKS and
STABILIZE procedure[20].
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Thus, the suggested methodology included the use of a STATIC, RIKS procedure or a
STATIC,

STABILIZE

procedure to obtain the cured shape of the unsymmetric

laminate. Initially, a linear eigenvalue buckling problem for an unsymmetric laminate
under thermal load was solved. The boundary conditions consisted of a fixed middle point
of the panel. After simulating the cured shape, the boundary conditions were now reset to
restrain the movement of the corner points in the Z direction. On the other hand, the middle
point was restricted from movement in both the X and Y direction. The cured shape was
now subjected to a load in the Z direction (Figure 2.12(a)) using the STATIC,
STABILIZE procedure. This applied load was higher than the snap-through load and
hence the panel experience deformation past the second stable state. This applied load was
then removed to allow the laminate to stabilize in the second stable state. In order to go
back to the first stable state, a reverse load was applied in the next step while maintaining
the same boundary conditions. This caused the panel to deform back to its original cured
shape. This load was then removed and the panel was allowed to stabilize back to its
original cured shape [20].
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Figure 2.12. Applied load to attain snapthrough[20].

This procedure was validated with the help of the results presented by Hyer which
included both analytical and experimental results[1,10]. However, Hyer’s model presented
results on the out-of-plane deformation of the cured panels. This FEA model presented by
Tawfik provides the intensity of the applied force needed for a snap-through response.
Thus, this model was used as a baseline to develop the FEA model used in this project.
Sensitivity Analysis
In addition to the fabrication process and the finite element modeling, it is necessary
to take into account the factors which affect the cured shape and curvature of the laminates.
Authors Brampton et al. studied the sensitivity of the bistable laminates due to uncertainties
in material properties, geometry and environmental conditions. It is extremely challenging
to recreate accurate models which will predict the composite laminate shapes and the
conditions in which bistability will exist. Hence, a sensitivity analysis was performed on
analytical models of bistable composite laminates to establish the influence of material,
geometric and environmental uncertainties on laminate curvatures. The results revealed
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significant sensitivities of the laminate to Young’s moduli (E11 and E22), the transverse
thermal expansion coefficients (α22), ply thickness (t) and the temperature change of the
cure (ΔT). There will be errors in these measurements because there can be discrepancies
between the manufacturer’s values of these properties and the actual properties. It was
observed that the analytical model predicted a counterintuitive reduction in the curvature
of the laminates with decreasing temperature. This countered what was predicted when
constant material properties were used. In order to determine the change in the curvature
with respect to the change in material properties, the models were re-run for a ± 5% change
in each property. The sensitivity of the laminate shape was expressed in terms of its change
in the principal curvature. The following table highlights the changes in the curvature.
Property

Change in Curvature

Change in Property

Young’s Modulus E11

2.16 % to -2.06 %

Young’s Modulus E22

-2.16 % to 2.05 %

±5%

Temperature Coefficient

± 0.52 %

±5%

α11
Temperature Coefficient

±5%

α22

± 5.55 %

±5%

Ply Thickness t

5.32 % to -4.82 %

Temperature

± 5.03 %

±5%

Table 2.2. Changes in curvature with a
± 5 % change in the properties.[25]
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±5%

In addition to these changes, the temperature was varied from 13.05oC to 28.95oC. It was
observed that the temperature change induced a change less than ± 5 % in E11, ν12 and G12.
There was a larger change in E22 in the range of 7.91% to 9.21 % due to this change in the
temperature.
The changes in E11, E22, v12 and G12 with decreasing temperature act to increase

the laminate curvature as temperature reduces, complimenting the effect of thermal strains.
It was observed that the expansion coefficient α22 was larger compared to α11 by an order
of magnitude. Hence it is the principal property that defines the thermal strains developed
in the laminates and thereby governs the curvatures observed as well.[22] Hence, it is
necessary to use temperature dependent relations of the material properties to give a more
accurate prediction in order to get a good match with the actual prototype curvatures.
Using this information, it is possible to create a complex structure using bistable
composites. Furthermore, it is also possible to analyze the effective structure so that the
bistability can be predicted. However, as mentioned earlier in the introduction, a bistable
composite laminate by itself is a very simple structure. Hence, bistable composites were
studied as potential elementary units for two classes of applications, namely, shape
morphing and energy harvesting.
Shape Morphing
Daynes et al. studied the application of bistable composites wherein, six bistable
prestressed buckled laminates were used to create an airfoil section. In doing so, they were
able to achieve a deflection of 10 degrees at the trailing edge of the airfoil.
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Figure 2.13. Rotor blade with 6 bistable laminates as an airfoil section[26].
This application presented a lightweight design solution and can find its application in the
airfoil section of a rotor blade.[26] Another interesting application was studied by Dai et
al. in which a multi-stable lattice structure was created using bistable composite laminates
as the individual building blocks. This multi-stable structure consisted of N tri-stable lattice
cells which exhibited 2N stable states. However, it must be noted that this structure was
assembled after the curing process of the laminates.[27]

Figure 2.14. The eight stable lattice structure with three lattice cells.[27]
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Energy Harvesting
Energy can be harvested from ambient vibrations by utilizing electrostatic
generation, electromagnetic induction and piezoelectiricity. There are two types of energy
harvesters, namely, linear harvesters and non-linear harvesters. A linear harvester extracts
energy near resonance whereas a non-linear harvester is designed to extract energy away
from resonance. This is where a bistable energy harvester can prove to be a good candidate
as it can function as a non-liner harvester. It can be utilized in a broadband-frequency
harvesting system. When the bistable harvester snaps from one stable state to the other, it
experiences a large strains which can generate power. The biggest advantage of using
bistable composites for energy harvesting is that they provide large structural deformations
in response to a relative small energy input. These concepts were verified experimentally
by bonding piezoelectric patches on a square [902/02] carbon fiber bistable composite plate.
The Figure 2.15 represents the energy harvesting setup used for the experiments. The nonlinear response of the laminates was exploited to get a very high electric power output in
the range of 27 - 34 MW.[12]

Figure 2.15. Experimental Setup for Piezo-electric Energy harvesting using Bistable
Composite Plates.[12]
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Looking at some of these applications, it is very obvious that bistable composites
have a huge potential if they are combined together with other bistable composites into a
structural design that will take into account the deflections produced by each bistable
laminate. They can be used in applications of shape morphing to create more adaptable and
flexible structures which can be tailor-made to possess specific mechanical properties.
Additionally, the large strains generated during the snapthrough and the snapback
phenomena can be used for energy harvesting. In order to realize this true potential of
unsymmetric bistable composites, it is necessary to develop an approach that will be
versatile and applicable on different scales. Thus, it was envisioned to create a Kirigami
pattern using bistable laminates. This kind of a pattern will help to enrich the large
deformations and complex shapes produced by the bistable laminates, thereby leading to
an improvement in their functionality. The following section highlights some of the
Kirigami literature in the field of engineering and some of the applications.
Detailed discussion on Kirigami literature
Kirigami is the art of paper cutting that has been inspired and modified from
Origami. Traditionally, Origami is used to create structures or shapes by folding paper
sheets. In the simplest form, one can describe an origami model as one which can be
pressed in a book without introducing new creases. However, folding of the paper sheets
does introduce slight errors, making the model slightly non flat. In origami, a fold refers to
a folded object wherein, the crease pattern of a fold is represented with the help of a sketch
or a drawing on the paper used for folding. The paper sheets are folded along these lines
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or creases and the resulting folds create mountains and valleys. Mountain creases are
convex and valley creases are concave. These are some of the basic terms in Origami
folding and crease patterns. [28]

Figure 2.16. Sample image of an Origami pattern called Miura Ori[29]
Origami can be used for surfaces which are closely unstretchable. Pleating a skirt
[21], wrapping a package [22] or folding a paper airplane [23] or a robot [24] are some of
the applications of Origami. Flat-folded Origami is the folding of two-dimensional surfaces
with zero Gaussian curvature everywhere. [25] Structures like buildings, electronic
circuits, robots and metamaterials are typically made of rigid plates. Thus, they have flat
regions joined only at sharp ends. Hence, Origami was modified to consider this constraint
and a concept called as Kirigami was created.[30]
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Figure 2.17. A sample Kirigami Zig-Zag pattern[31].
Kirigami is the art of paper cutting and it is also called as jianzhi, monkiri or
silhouette in different cultures. We shall refer to this concept as Kirigami because of the
greater emphasis of this Japanese technique on repetitive patterns and their effects on threedimensional deformations on paper sheets. The Figure 2.17 represents a Zig-Zag Kirigami
pattern. Traditionally, Kirigami patterns were used to make “pop-up” books, however, it
has started finding engineering applications recently. Furthermore, Kirigami is a very
versatile technique and is also scalable, thereby allowing the designer to use the Kirigami
patterns across multiple scales.[32] The principles of Origami and Kirigami have been used
in the design of airbags, optical components, stowable space borne solar arrays,
reprogrammable metamaterials and load-bearing metal structures. Sometimes, Origami is
not suitable for certain structures because it does not allow the cutting of the materials.
Origami can help in hiding the unwanted material behind other surfaces but it is not the
most ideal method of designing a structure[27]. This is where, Kirigami proves
advantageous.
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Because of the scalability of Kirigami, scientists and engineers are adapting it to
create structures in both the macro as well as the microscale. In a research study based on
the application of Kirigami, authors Blees et al. present the use of graphene in a Kirigami
pattern to build robust microscale structures with tunable mechanical properties. In this
study, the Fö ppl-von-Karman number (γ) is used as the crucial material parameter where
it indicates the ratio between in-plane stiffness and out-of-plane bending stiffness. In order
to measure this Fö ppl-von-Karman number, the bending stiffness of graphene monolayers
was measured which is 10-100 micrometers in size. However, this leads to value which is
thousand times higher than the predicted value. This rise in the value of the Fö ppl-vonKarman number is attributed to the presence of ripples in the membrane which stiffen the
graphene sheets. These ripples are seen due to the presence of the Kirigami pattern etched
on the graphene sheet. Thus, Kirigami can be used to make soft structures stiffer and create
more resilient parts on different scales.[33]

Figure 2.18. (a) Paper in-plane Kirigami spring (b) Graphene Kirigami spring
(stretched).[33]
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Another novel application was studied by authors Shyu et al. in which a network of
notches was made in rigid nanocomposite and other composite sheets to prevent
unpredictable local failure. In this research, composite films made of graphene oxide
(GO)/PVA were used for Kirigami patterning. Thick composite films (1:2 by dry weight,
E= 5 GPa) were made by vacuum-assisted filtration (VAF) and attached to a clean glass
slide to provide a flat surface for photolithography. The conductive CNT composite films
were made with P2-SWNT (Carbon solutions) of concentrations 0.5 mg ml-1and a Kirigami
pattern was introduced on this SWNT composite paper. These patterns (Figure 2.19) were
defined by photolithography with a photomask, followed by oxygen plasma etching.

(a)

(b)
Figure 2.19. (a), (b) Examples of microscale Kirigami patterns in GO-PVA
nanocomposites after photolithography.[32]
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Uniaxial tensile tests were performed on the prototypes by means of an RSA 3 dynamic
mechanical analyzer with a 3.5 N load cell at a constant rate of 0.1 mm s-1. It was observed
that the applied load was distributed uniformly throughout the Kirigami sheets. In doing
so, they also achieved an increase in the ultimate strain of the sheets from 4 to 370%. Thus,
the out-of-plane deformations produced due to the kirigami pattern was utilized to improve
the ultimate strain of the sheets without losing the functionality of the sheets as plasma
electrodes.[32]

Figure 2.20. An open honeycomb at each stage during the manufacturing process[15].
Authors Neville et al. discussed about the application of Kirgami in the design and
manufacturing of metamaterials. A pentamodal structure can be a form of a mechanical
metamaterial which exhibits fluid-like behavior. It consists of configurations with
distributed and periodic units that show negative mass and compressibility. The authors
believe that Kirigami principles can be used to create such periodic elements in a
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mechanical metamaterial. The structures developed in this research were termed as “Open
Honeycombs” and are represented in the Figure 2.20. The authors studied two variants of
Kirigami honeycomb in comparison with a traditional honeycomb structure. Finite element
models were developed to predict the behavior of the Kirigami open honeycomb structures.
In order to validate the results of the FEA model, the Poisson’s ratios of the open
honeycombs were investigated experimentally. Based on the results obtained in this
research, the researchers concluded that Kirigami patterns can be utilized for making smart
and active structures. Under the action of a load, these structures can change shapes, hence
they can be used in applications that involve shape morphing.[15]
Kirigami and its patterns are directly dependent on the geometry of the
corresponding material used to create the pattern. The thickness of the material plays a
significant role in the success or failure of a Kirigami pattern[29,30]. Hence, it is necessary
to utilize a Kirigami pattern with a material which can result in the development of thin
basic structures.
Intersection of Bistable Composites and Kirigami
As mentioned in the earlier sections, a bistable laminate is a very simple structure
by itself. The shapes and curvatures created by a single bistable laminate cannot be used as
a structure in an application in which both the stable shapes can be used to an advantage.
To solve the issue of simplicity associated with bistable composites, two distinct studies
were carried out to try and combine multiple patches of bistable laminates. One of them
invovled assembly of these laminates to form an air-foil like structure.[34] The other
application numerically studied the development of a shape morphing structure in which
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the bistable laminates were actuated using piezo-electric patches. However, neither of these
studies were succesful in programming multi-stability or shape morphing characteristics.
Furthermore, in the shape morphing study, the presence of the piezo-electric patches
actually made it more difficult to snapback the laminates.[35] These techniques were also
not reliable enough for scalable fabrication.[17]
On the basis of these arguments, an unconventional approach was investigated. It
involved the incorporation of Kirigami concepts into the design of multi-stable composite
laminates. This type of an application of these two concepts was never done before. It will
help in enriching the utility and functionality of bistable composites and create a possible
scenario where the resulting structure can be utilised as an important engineering
application.
The Figure 2.21 illustrates the basic design of a Kirigami multistable structure. This
structure will be termed as a “Kirigami composite” hereafter. By employing a carefully cut
pattern of slits, it will enable 2D sheets of thin bistable composites to transform into a
multi-stable and multi-functional 3D structure. This research is aimed at studying the most
elementary part of this multi-stable structure. It is called as a Kirigami unit cell(Figure
2.21(c)).
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Figure 2.21. A basic multistable Kirigami concept with a simple parallel cut pattern.
(a) The undeformed Kirigami geometry in a paper model. (b) Deformed Kirigami
geometry in a paper model. (c) The fiber layout design of the unit cell in a Kirigami
composite.[17]
The following chapter will highlight the development of a Kirigami Bistable
Laminate Unit cell. It will detail the development of the Finite Element Model using
ABAQUS™.
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CHAPTER THREE
SIMULATIONS AND EXPERIMENTS
Model Development
The finite element models for the Kirigami Composite unit cells were formed using
the ABAQUS™ analysis software. This section describes the general procedure involved
in the development of a simulation model. It explains how the curing process was simulated
and used as a baseline for all the simulations. The rest of the boundary conditions changed
for the models depending on the tests being simulated but the initial part of the simulation
is same for all the models.
Problem Formulation
The problem formulation consists of the following aspects: Geometrical modeling
of the Kirigami composite, material assignment with the lamina layup sequence, meshing
of the laminate and boundary conditions. A basic simulation outline is given below:
1. Curing process simulation.
2. Snapthrough for the individual patches in the Kirigami composite unit cell.
3. Snapback for the individual patches of the Kirigami composite unit cell.
In addition to these steps, the simulations contain different boundary conditions for the Full
Kirigami composite tests, Fixed Tab tests and Stiffness tests. These boundary conditions
will be mentioned explicitly in this section.
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Geometrical Modeling
The Figure 3.1 illustrates the individual laminates modeled in the ABAQUS™
geometrical modeling interface. As an alternative, the geometrical modeling can be also
done using the Solidworks™ modeling package.

Figure 3.1. Kirigami Geometry.
This model can be imported into the ABAQUS™ software and used further. However,
developing a Solidworks™ model will be helpful only in the cases of complex geometries.
Hence, for a simple Kirigami composite geometry, the ABAQUS™ interface is adequate
enough and efficient as well.
Material Assignment and Layup Sequencing
The ABAQUS™ requires material properties like the modulus of elasticity (E1, E2),
modulus of rigidity (G12, G13, G23), Poisson’s ratio (ν12) and coefficient of thermal
expansion (α1, α2). In the fabrication process, the material used is DA 409U/ G35-150
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prepregs sourced from Adhesive Prepregs for Composite Manufacturers LLC. However,
the supplier provided only the tensile modulus (Modulus of elasticity) and flexural modulus
for this material. Hence, a material with properties as close as possible to DA 409U/ G35150 was found in the literature[18,35]. The material used for the ABAQUS™ simulations
was AS4-8552 which had the nearest tensile and flexural moduli. This is illustrated in the
Table 3.1 as follows:
Property / Material

DA 409U/G35-150

AS4-8552

18.8 Msi (129.6 GPa)
19.6 Msi (135.12 GPa)
Tensile Modulus
17.9 Msi (123.4 GPa)
18.4 Msi (126.85 GPa)
Flexural Modulus
Table 3.1. Moduli comparison of the two prepregs.[18,35]
Thus, the material properties used for the simulations are given as follows:
Property
Value
E1
135 GPa
E2
9.5 GPa
ν12
0.3
G12
5 GPa
G13
7.17 GPa
G23
3.97 GPa
α1
-2 X 10-8/oC
α2
-3.27 X 10-5/oC
Ply thickness t
0.15 mm
Table 3.2. Material properties of AS4-8552 prepregs[35]
In order to assign the layup sequence on ABAQUS™, the “Composite Section”
option is selected. As part of this option, the user has to enter the values for the angular
orientation of the fibers. These angles are entered with respect to the X axis. In addition to
the angular orientation, the thickness for each ply has to be entered. Once the different
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layup sequences are defined in the form of sections, the material properties are assigned to
each section.

Figure 3.2. Layup sequence with angular orientation of the fibers.
The ABAQUS™ software will now compute the A, B and D matrices using the input
provided by the user. The A, B and D matrices computed are given as follows:
0 
 21.81 0.8604
=
21.81
0  Gpa − mm
[ A]  0
 0
0
1.500 
0
0
1.421

−1.421 0  Gpa − mm 2
[ B] =
 0
 0
0
0 
0 
 0.1636 0.006453

=
0  Gpa − mm3
[ D ] 0.006453 0.1636

0
0
0.01125
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(3.1)

(3.2)

(3.3)

Meshing of the Kirigami composite unit cell
The Kirigami composite unit cell is meshed using thick shell S4R elements. Thick
shells are always used for composites because they have relatively low shear modulus. As
a result, the shear deformation of the composite laminates is included similar to thick
shells.[18] A quadrilateral mesh is used for the Kirigami unit cell and a separate mesh
convergence study was carried out to determine the optimal mesh element size.
Sr.
No.
1

Element Sizes (mm)
3, 7

Run Time
(minutes)
12

2

2, 5

17

3

1, 3

25

4

0.5, 1

40

5

0.25, 0.5
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Table 3.3. Convergence Study Simulation Run-time Comparison.
The mesh convergence was carried out by simulating the snapthrough and the
snapback response of a single patch of the Kirigami unit cell for different mesh sizes. In
this simulation, the [0/90] tab was clamped at a central node near the top edge. The Figure
3.3 represents the response recorded from ABAQUS™. The Table 3.3 highlights the
different element sizes used along with their respective simulation run time.
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Figure 3.3. Full prototype history response for 5 mesh sizes.
As the mesh was made finer, as represented in the Table 3.3, the simulation run time
increased. The accuracy of the results also improved, however, in order to get the most
optimal run time with the most accurate results, the final mesh selected had the element
sizes 1 and 3. The smaller elements were located in the region of the tab as it would be
subjected to the maximum stress. The Figure 3.4 illustrates the final mesh used for all the
simulations.
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Figure 3.4. Mesh for the Kirigami Composite Unit Cell
Boundary Conditions
This subsection covers the boundary conditions assigned to the FEA models. The
simulation process begins with the curing of the laminates. The “Predefined Field” option
is selected where the initial temperature is assigned to the laminates. This field is modified
in the next step which creates the required temperature differential in the laminates that
generates the thermal strains. These strains are responsible for producing the residual
stresses that lead to bistability. Thus, the temperature is modified from an initial value of
121oC (250oF) to 20oC (68oF) (considered as the room temperature). In the same step, the
entire geometry of the Kirigami unit cell is fixed or clamped. This creates conditions
similar to the curing process of the laminates wherein the laminates are placed on an
aluminum plate under a vacuum. It also suppresses rigid body motions. It has to be noted
that all the steps are carried out with the NLGEOM option “ON” in order to perform a nonlinear analysis. In order to finish the curing process, the laminate is freed from its clamped
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boundary condition. This allows the laminate to deform and we then obtain the post-cure
shape.
Depending on the post-cure shape and the test to be performed, the direction of the
boundary conditions will vary. In the following subsections, we will discuss the different
experiments and the FEA setups for each of these experiments accordingly. We will begin
with the Fixed Tab test.
Fixed Tab
In the Fixed Tab test simulation setup, the steps remain the same to obtain the postcure shape of the samples. Now we will study the snapthrough and the snapback
phenomenon for both the patches in the Kirigami unit cell. This is carried out by clamping
the tab geometry. This forms the first boundary condition. In addition to this boundary
condition, the [0/90] patch is displaced through 50 mm in the negative Z direction. This
boundary condition is applied to the node as shown in the figure. This step is followed by
a STATIC, STABILIZE step in order to allow the solution to converge. The STATIC
STABILIZE step has been discussed in detail in the earlier chapter of this thesis report.
Similarly, the [90/0] patch can be snapped by applying a displacement of 50 mm in the
positive Z direction. Again, this step is followed by a STATIC, STABILIZE step. These
boundary conditions will produce the snapthrough in both the patches of the laminate
individually.
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Figure 3.5. (a), (b) The Boundary Conditions for the Fixed Tab test to snap each patch
independently.
Once the snapthrough procedure is completed, both the patches are subjected to the
snapback test. Depending on the snapped shapes, the direction of displacement will change
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for each patch. For the [0/90] patch, a displacement of 100 mm is applied in the positive Z
direction. On the contrary, for the [90/0] patch, a displacement of 100 mm is applied in the
negative Z direction. These displacements were selected by following a trial-and-error
approach to induce the snapthrough and the snapback. The tab remains clamped in both
these steps. The displacement control procedure for both the patches of the Kirigami unit
cell is followed by the STATIC, STABILIZE step. Thus, we get the snapback phenomenon
using these boundary conditions. In both the snapthrough and the snapback tests, the
displacements applied to induce the snapthrough or the snapback have been obtained by
using a trial-and-error process.
Full Prototype Snapthrough
The next simulation carried out after the curing process consists of the snapthrough
of both the laminates. It is performed as a displacement control procedure with three nodes
selected on the right patch [90/0] of the Kirigami laminate as shown in Figure 3.6. These
three nodes are displaced through 180 mm in the Z direction. In addition to this, three other
nodes are selected on the left patch [0/90], which are clamped in the X, Y and Z directions.
The displacement control step is followed by STATIC STABILIZE steps where the
stabilization factor helps the solution to reach a point of convergence.
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Figure 3.6. Boundary Conditions for the Full Prototype Snapthrough.
Stiffness Test
The Stiffness test is carried out in the “00” and “11” configuration. For the “00”
configuration stiffness test, all steps until the curing process will be the same as earlier. A
total displacement of 15 mm (magnitude) will be applied to the Node B (Figure 3.7)
whereas, Node A will be clamped in the X, Y and Z direction with free rotation. The
displacement is calculated in terms of the vector joining the Node A to the Node B. Thus,
we get three components of the displacement to be applied which have a total resultant of
15 mm. The resultant displacement acts along the vector joining the Node A to the Node
B. This step is carried with the STABILIZE option ON as it helps in achieving a
convergence for the solution.
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For the stiffness test in the “11” configuration, both the patches are first snapped to
the second stable state. After the STATIC, STABILIZE steps, a vector displacement of 15
mm is applied along the vector joining the clamped node and the displacement node. This
step is similar to the stiffness test step in the “00” configuration.

Figure 3.7. Stiffness boundary conditions with Nodes A and B.
The following section will describe the fabrication process used for the
manufacturing the Kirigami composite unit cells. It will also describe the experiments
performed to validate the simulations. The experiments involving displacement control
procedure were performed on an ADMET Expert 5601 universal testing machine setup
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with an MTESTQuattro Controller. Additional experiments or measurements were
recorded with the help of a Nanovea ST500 profilometer.
Fabrication of the Kirigami Unit Cell
The prototype samples of Kirigami composites are fabricated using DA 409U/G35150 prepregs. It is a unidirectional carbon epoxy prepregs system that cures at 121oC and
25 psi for a duration of one hour. These prepregs are stored in a freezing chamber at a
temperature between 0oC to 4oC and then cut as per the Kirigami pattern using a paper
cutter or scissors. It is important to cut the prepregs while they are still cold as the freezing
maintains the rigidity of the epoxy resin. This helps in preventing fiber distortion during
the cutting process. It is extremely important to prevent fiber distortion as it may directly
eliminate the desired multi-stability in the Kirigami composites. The structure of a
Kirigami composite unit cell consists of a base ply in the [90o] direction with the
dimensions of 133 mm (5.25 inches) X 127 mm (5 inches) (Figure 3.2). A 101.6 mm (4
inches) long and 6.35 mm (0.25 inches) wide slit is cut at the center of the base ply. Two
plies of 127mm (5 inches) X 63.5 mm (2.5 inches) and [0o] orientation are added to the
base ply. One of the base plies is attached on the upper side of the base layer and the other
on the lower side (Figure 3.2).
After the basic geometry is cut, it is necessary to cure the samples. The curing
process is carried out by preparing a vacuum bagged packet. A 0.6m X 0.6m X 4mm
aluminum plate is used as the mold for the Kirigami laminate base in this packet. This plate
is covered with a mold release agent and then the uncured Kirigami sample are placed on
top of the plate. A layer of perforated plastic sheet (10 LYD 3015-PERF-D- Release Ply-
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High Temp 450F- Perforated Film) is now placed on top of the cured samples followed by
a polyester sheet (10 LYD 3000-D-Econo Ply J Polyester Peel Ply). The next layer consists
of a sheet of absorbent material (10 LYD 3011-D-Breather Fabric). A nozzle is then placed
on top of the absorbent film and this entire assembly is sealed using double tapes and
vacuum bagging film (10 LYD 3014-D - Stretchlon SL200 Vacuum Bag Film). The nozzle

Figure 3.8. Steps of setting up a vacuum bagged packet for curing.(a)Firstly, the
uncured samples are put on an aluminum plate.(b)This is followed by application of a
perforated plastic sheet,(c) polyester sheet,(d) and absorbent sheet material on top of
the sample. Then (e) a vacuum bagging film is used to seal the packet by using
double tapes.(f) The finished packet is placed in the oven for curing and opened to
retrieve the samples(g),(h).
is connected to a vacuum pump (1 EA. VacuMaster 5 CFM Vacuum Pump) and thus, it
forms the vacuum packet. All the material required for the making the vacuum packet was
acquired from RockWest Composites.
The final step of fabrication involves curing of the laminates. The oven is preheated
to 135oC and the vacuum packet is placed in the oven for an hour. The oven is 1.219m X
1.219m in dimensions and has a thermostat for controlling the internal temperature. After
an hour, the oven is shut down and cooled down to the room temperature. This heat up and
cool down process induces the thermal stresses in the laminates which eventually generates
the bistability. Once the vacuum packet is cooled down to the room temperature, it gets
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completely cured and then it is taken out from the oven. The samples are then retrieved by
cutting the packet open. When the packet is opened, it is observed that the samples have
already settled to one of the stable states as shown in the Figure 3.9. This state is referred
to as the first stable state. When the laminates experience a snap, they are said to be in their
second stable state.

Figure 3.9. Structural configuration code.
Basic Terminology
It is necessary to understand some of the terms being used in this document. Hence,
this section will introduce the different terms and their meaning. The model that will be
studied in the entire thesis will be referred to as a Kirigami composite or a Kirigami unit
cell. It will exist in 4 states of configuration. The post-cure shape will be represented by
the number “0” and the post-snap shape will be represented by the number “1”. Thus, a
binary coding system will be used to represent the state of the Kirigami unit cell. For
example, a Kirigami unit cell will be in the “00” configuration when it will be cured and
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taken out from the oven. On snapping both the patches, it will be in the “11” configuration.
The post-cure shape will be called as the first stable state and the snapped shape will be
termed as the second stable state. When a patch switches from a “0” configuration to a “1”
configuration, the process is called as “Snapthrough”. We can also say that the patch has
snapped to the other stable state. On the other hand, when the patch goes from a “1”
configuration to a “0” configuration, the process is termed as “Snapback”. As a standard
convention for labelling the configuration, the entire Kirigami unit cell will be labelled by
using two numbers. In this number, the first number indicates the configuration of the patch
on the left hand side and the second number indicates the configuration of the patch on the
right hand side for the viewer.
Experimental Setup
A total of 3 experiments were performed on the universal testing machine. These
consisted of the Fixed Tab test, the Full Prototype Snapthrough test and the Stiffness test.
In addition to these, the curvatures of the sample Kirigami unit cell prototypes were
analyzed using the profilometer. These experiments were performed to validate the FEA
model and to study the response of the Kirigami unit cell. This section will describe in
details the experimental setup used for these experiments.
Curvature Measurement
The fabricated prototypes were studied by measuring their curvatures using an
optical profilometer. The Nanovea ST500 is an optical profilometer with a 400 mm X-Y
axis travel and a maximum speed up to 200 mm/sec. It has a 50 mm Z axis equipped with
an optical pen sensor. The Figure 3.10 represents the axes along which the Kirigami
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composite prototypes were scanned using the profilometer. The curvatures were measured
along the following 5 sections:
1. Top Edge.
2. Mid-plane.
3. Bottom Edge.
4. Snapped Curvature along the length on the [0/90] patch.
5. Snapped Curvature along the length on the [90/0] patch.

Figure 3.10. The yellow dotted lines in (a) and (b) show the path for the profile
scans.
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Fixed Tab
The fixed tab experiment was setup in order to verify whether the two patches in
the Kirigami composite snapped independently. The tab was sandwiched between two thin
aluminum plates of dimensions 25.4 mm (1 inch) X 6.35 mm (0.25 inch). This sandwich
assembly was clamped between the teeth of the aluminum fixture using two bolts as shown
in Figure 3.11. Thus, a fixed boundary condition was created in the experiment as per the
FEA model. At a time, only one patch was subjected to displacement from the load cell.
This displacement was applied via a screw rod fastened to the load cell. This screw rod will
experience a small translation along the length of the unit cell as the unit cell deforms.
Hence, the load applied is a coercive load in the form of a displacement at a rate of 0.5
mm/sec. The displacement applied is varied depending on the patch and its current
configuration. For example, if it is a patch in the “0” configuration, a displacement with an
upper limit of 60 mm is applied until a snapthrough is induced. Similarly, for a patch in the
“1” configuration, a displacement with an upper limit of 100 mm is applied until the patch
snaps back to the “0” configuration.
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Figure 3.11. Experimental setup for Fixed Tab test (a) Snapthrough and (b)
Snapback.
Full prototype Snapthrough
The ADMET universal testing setup was used to test the entire Kirigami unit cell
prototype. The objective of this test was to examine the behavior of the tab as a geometric
connection between the two patches which would help in load transfer from one patch to
the other. Additionally, it would also help in the propagation of the snapthrough from one
patch to the other. A fixture was designed and fabricated using aluminum in order to hold
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the Kirigami unit cell. The fixture was held in place using bolts. The Kirigami unit cell had
hinges fastened to each of its two patches and one of these patches [0/90] was fastened to
the aluminum fixture. The hinges allow the edge of the Kirigami unit cell to rotate when
the individual patches snap. A 25 N load cell used as part of the ADMET universal testing
machine setup. The [90/0] patch was connected to the load cell via the hinge and a screw
rod. The load cell was calibrated to produce a displacement of 160 mm in the vertical
direction (Y axis on the machine setup). It was applied at a rate of 0.5 mm/ sec in a
displacement control setup. The entire experimental setup for this test is illustrated in the
Figure 3.12.

Figure 3.12. Experimental Setup for Full Prototype Snapthrough test.
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Stiffness Test
The stiffness test is performed on the Kirigami unit cell in two configurations,
namely, “00” and “11”. In both the configurations, one of the patches ([0/90]) is fastened
to the base plate of the Universal testing machine with the help of fish line and a screw rod.
Similarly, the other patch ([90/0]) is connected to the load cell via a fish line and a screw
rod. A displacement control channel is used in which a displacement of 15 mm is applied
at a rate of 0.5 mm/sec. This test is performed to explore the potential of the Kirigami
composite in terms of using it in an application and it is illustrated in the Figure 3.13.

Figure 3.13. Stiffness test setup (a) “00” configuration and (b) “11” configuration.
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CHAPTER FOUR
RESULTS AND COMPARISON
The simulations and the experimental setup has been explained in detail in the
previous chapter. This chapter will discuss the results obtained from these simulations and
experiments. This discussion will be in a comparative format in order to compare the
simulations with the experiments.
Modification of CTE and Curvature Study
Modification of CTE
The Kirigami unit cell prototypes were scanned using a 3D profilometer in order to
validate their curvatures with the simulations. An important point to be discussed here will
be the Coefficient of Thermal Expansion (α22). From the material data sheet, for the
material AS4-8552, the value for α22 was -3 X 10-5/ oC. The initial simulations were carried
out with this specified value. The curvatures using this value of the thermal expansion
coefficient for the epoxy are represented in the following figure.

Figure 4.1. Curvatures observed using CTE= -3 X 10-5/oC.(a) Top Edge and (b)
Snapped [0/90] patch.
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Figure 4.2. Curvatures observed using the 3D profilometer.
As seen in Figure 4.1, the radius of curvature is 118 mm for the top edge and 109
mm for the snapped profile. However, in the measured prototypes, the radii of curvatures
were observed to be 105 mm and 101 mm respectively. In order to obtain a closer match
with the fabricated prototypes, it was decided to evaluate the effect of a change in the value
of α22 for the simulations. With an increase in the value of α22, the radius of curvature was
found to decrease. Hence, in order to reduce the radii of curvatures obtained from the
simulations, it was necessary to increase the value of α22. Thus, the error percentage was
calculated using the experimental data and the simulated data. It was found to be 11.01 %
and 7.3 % for the top edge and the snapped profiles respectively. The average error was
calculated for these two error values and the value of α22 was increased by about 9% to the
value of -3.27 X 10-5/oC. The following Figure 4.3 represents the results obtained using the
new CTE. The radii of curvatures changed to 102 mm for the top edge and 104 mm for the
snapped curvature. Thus, using the new value of α22, we obtained a better agreement in the
radii of curvatures. The value for the CTE was altered as we did not have the actual material
properties for the fabrication material from the manufacturer. Hence, in order to get a closer
fit with the experimental results, the α22 was altered. It has to be noted that all the other
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simulations covered in this thesis have been carried out with the altered value of α22, which
is -3.27 X 10-5/oC.

Figure 4.3. Curvatures observed using CTE= -3.27 X 10-5/oC.(a) Top Edge and (b)
Snapped [0/90] patch.
Curvature Study
The Figures 4.4 - 4.9 represent the profiles obtained from the 3D scans of the
prototypes as well as the profiles obtained from the ABAQUS™ model. Figures 4.4, 4.5
and 4.6 represent the profiles along the Top Edge, Mid Plane and the Bottom Edge
respectively.
In the Figure 4.4, the horizontal distance for measurement of the radius of curvature
is kept constant at 60 mm. Using this as the reference, the radii of curvature are calculated
using the Professional 3D software package from Nanovea. Thus, in the experimental
scans, we observe radii as 104 mm and 101 mm for the [0/90] and the [90/0] patches
respectively. On the basis of the simulated model, the radii observed are 103 mm and 104
mm for the same set of patches.
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Figure 4.4. Top Edge Curvatures. (a), (b), (c) and (d) illustrate the curvatures observed at
the top edge of the Experimental prototypes and the simulated model respectively with
the corresponding radii of curvatures for the [0/90] and [90/0] patches.

Figure 4.5. Mid Plane Curvatures. (a), (b), (c) and (d) illustrate the curvatures
observed at the mid plane of the Experimental prototypes and the simulated model
respectively with the corresponding radii of curvatures for the [0/90] and [90/0]
patches.
Figure 4.5 represents the mid plane curvatures. The radii of curvatures observed in
the scanned prototypes are 98.9 mm and 101 mm respectively for the [0/90] and the [90/0]
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patches. On the other hand, the simulation predicts the radii to be in the range of 91 mm92 mm. For the Figure 4.6, the radii of curvatures for the bottom edges of the scanned
prototypes are 120 mm and 112 mm for the [0/90] and the [90/0] patches respectively. The
simulated model, however, predicts these radii to be 103 mm for both the patches.

Figure 4.6. Bottom Edge Curvatures. (a), (b), (c) and (d) illustrate the curvatures
observed at the bottom edge of the Experimental prototypes and the simulated model
respectively with the corresponding radii of curvatures for the [0/90] and [90/0]
patches.
Referring to Figures 4.7 and 4.8, we observe the profiles of the prototypes and the
simulated models along the central axis of the snapped patches. For the snapped [0/90]
patch (Figure 4.12) the horizontal distance of measurement is kept constant at 98.7 mm
and the radii of curvatures are 104 mm and 103 mm for the experimental and simulated
data respectively. Similarly, for the snapped [90/0] patch, a horizontal distance of 101 mm
is maintained as a standard to measure the radii of curvature. Thus, the radii of curvature
are 101 mm and 104 mm for the experimental and the simulated data respectively.
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Figure 4.7. Snapped curvature for [0/90] patch. (a) and (b) illustrate the curvatures
observed along the central axis of the Snapped Experimental prototypes and the
simulated model respectively for the [0/90] patch.

Figure 4.8. Snapped curvature for [90/0] patch. (a) and (b) illustrate the curvatures
observed along the central axis of the Snapped Experimental prototypes and the
simulated model respectively for the [90/0] patch.
In the above results, it can be observed that the horizontal distance for comparison
changes for every data set. The differences in the curvatures are very low. The maximum
differences are observed in the Mid Plane and the Bottom Edge profile comparisons. The
Bottom Edge experiences a larger variation in terms of the curvature compared to the Top
Edge. This is mainly because of the geometry of the Kirigami unit cell which introduces
certain boundary conditions because of the presence of the tab at the Top Edge. The cause
of these errors can be attributed to the fabrication errors associated with the prototypes as
well as change in curvatures due to the environmental conditions.
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Figure 4.9. 3D scan of the Kirigami Unit cell.

Fixed Tab Test Comparison between FEA and Experiments
In the fixed tab tests, the individual patches ([0/90] and [90/0]) were subjected to
displacement to study the independence in snapthrough and snapback processes. Each
patch was tested 5 times for snapthrough and snapback and the results were represented in
the form of a Standard Deviation plot. The changes in the curvature during the course of
the experiment are represented in the following figures.
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Figure 4.10. Snapthrough using a Fixed Tab.(a) The displacement is applied,(b)
Snap propagation begins near the tab and (c) Snapthrough occurs.
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Figure 4.11 Snap Propagation during the Snapthrough phenomenon. (a), (b), (c) and
(d) represent the curvature propagation which leads to the snapping of the laminate.
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Referring to Figure 4.10 and 4.11, it can be observed that when the displacement
control is applied, a localised curvature change is observed near the tab (Figure 4.10(b)).
The curvature begins to propagate from the region surrounding the tab as observed in
Figure 4.11(a). This curvature first snaps the upper edge of the laminate and then it
propagates further along the length of the laminate. As soon as the curvature change hits
the bottom edge of the laminate, the entire laminate snaps to the “1” configuration. Thus,
it can be inferred from this observation that the curvature propagates in the form of a wave
throughout the laminate. In the Figure 4.12, the fixed tab snapthrough response from the
simulation and the testing setup is recorded and displayed. The experimental data is
processed by calculating an arithmetic mean of the 5 iterations of the response from 5
experiments. A standard deviation curve is generated using this data and the three curves
are represented accordingly. The “Upper” plot represents the upper error response and the
“Lower” plot represents the lower error response. On comparison between the
experimental and simulated response, we can observe a similar trend in terms of the
Reaction Force vs Displacement curve. The reaction force is seen to rise as the
displacement is applied and on reaching the snapthrough displacement, the reaction force
drops suddenly and gives the snap. This sudden drop in reaction force is displayed by using
the elliptical regions (i-iv). These regions are called as the regions of Snapthrough. Since
the experimental data is a plot of the mean of 5 readings, there is not a sharp spike to
illustrate the snapthrough. However, if individual test readings are considered, sharp spikes
indicate snapthrough. These spikes can be observed clearly in Figures 4.15 (a) and (b)
which illustrate the raw experimental test readings.
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Figure 4.12. Fixed Tab Snapthrough Response. (a), (b) illustrate the response for the
Fixed tab experiment and simulation. Similarly, (c) and (d) represent the response for
the Fixed tab experiment and simulation respectively.
The snapthrough displacements can be observed to be different in both the
experimental and simulated data. In case of the [0/90] patch, the snap is observed in a
displacement zone of 49 mm - 55 mm. It offers a maximum reaction force in the range of
0.5 N - 0.6 N. For the [90/0] patch, the snap occurs in a displacement zone of 38 mm - 45
mm. The maximum reaction force offered by the [90/0] patch is in the range of 0.4 N - 0.5
N. The Finite Element model predicts the snapthrough displacement to be the same for
both the [0/90] patch as well as the [90/0] patch. Thus, the snap in the simulation occurs at
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a displacement of 30 mm with a maximum reaction force of 0.3 N. From the Displacement
vs Reaction Force plots, we can observe that the reaction force first rises quickly. This
shows the load that is sustained by the laminate to generate the curvature change near the
tab section. Further, the reaction force will rise slowly, which indicates the propagation of
the curvature change. As this curvature change propagates throughout the sample, we
obtain the snapthrough.

Figure 4.13. Snapback using a Fixed Tab.(a) Displacement is applied.(b) Pseudostable state.(c) Snapback occurs.
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The fixed tab test was also carried out to evaluate the snapback characteristics of
the Kirigami unit cell. The experimental plots contain the Mean, Upper and Lower curves
(Figure 4.14). They are obtained by calculating the standard deviation for the data recorded
from 5 sets of experiments for both the [0/90] and [90/0] patches. The reaction force is first
seen to rise with an increase in the displacement. However, after reaching the snapback
displacement in the range of 30 mm - 35 mm (Figure 4.14 (a) region (i)), the [0/90] patch
snaps back to a pseudo-stable state (Figure 4.14 (a) region(ii)). It offers a maximum
reaction force in the range of 0.14 N - 0.16 N. When the patch is in the pseudo-stable state,
the screw rod loses contact with the patch and hence we get a flat response. However, as
the screw rod undergoes further displacement, we observe the final snap (Figure 4.14 (a)
region(iii)). In case of the simulation, the reaction force rises first and then stabilizes until
the patch snaps as shown by the snapback regions (iv) and (viii). This snapback is observed
in a displacement range of 60 mm- 80 mm and the maximum reaction force recorded is in
the range of 0.1 N - 0.2 N.
The [90/0] patch is observed to behave similar to the [0/90] patch in the experiment.
The reaction force rises at first but the patch exhibits a pseudo-snapback phenomenon
(Figure 4.14 (c) region(v)) and stabilizes itself at a position in between the two stable states.
This pseudo-stable state is represented by the region (vi). At this point, the screw rod
(connected to the load cell) loses its contact with the sample (Figure 4.13 (b)) and hence
we do not get any reaction force readings. The screw rod continues its displacement until
it contacts the surface of the [90/0] patch and on some further displacement, we get the
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final snapback (Figure 4.14 (c) region (vii)). In the experiment, the [90/0] patch snaps back
in a displacement range of 30 -35 mm with a maximum reaction force range of 0.1 N - 0.12
N. The Figures 4.15 (c) and (d) represent the raw test readings recorded from the snapback
experiment.

Figure 4.14. Fixed Tab Snapback Response.(a), (b) illustrate the experimental and
simulated response for the Fixed Tab Snapback test respectively. Similarly, (c) and
(d) represent the experimental and simulated response respectively.
In case of the Fixed tab tests, the coercive contact of the screw rod connected to the
load cell can be a source of an error. This is also the reason why the output is observed to
consist of closely spaced spikes. The coercive contact records even the smallest vibrations
generated during the experiment. In the simulations, the reaction force is measured at the
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node which is subjected to the displacement. However, in case of the experiment, because
of the coercive contact, the reaction force is not obtained from the same point or location
on the sample.

Figure 4.15. Fixed Tab Test Raw illustration. (a) and (b) represent the raw
snapthrough response, (c) and (d) represent the raw snapback response.
Fixed Tab Parametric Study
In order to study the snapthrough response of the Kirigami unit cells, the tab
length of the Kirigami unit cells was varied from 0.1 to 0.5 times the length of the unit cell.
At these 5 dimensions of the tab length, the fixed tab snapthrough test was simulated. The
Figure 4.16 represents the response from this parametric study as it was recorded. It was
observed that at a tab length of 12.7 mm, the displacement needed for snapthrough was the
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maximum (~ 80 mm). This displacement needed for inducing the snapthrough decreased
in the succeeding simulations where the tab length increased all the way up to 63.5 mm.
Thus, at a tab length of 63.5 mm, the snapthrough occurs at the earliest in terms of the
displacement (~ 11 mm). This is because the opposable layup of the two patches assists the
second patch to snap and does not resist the snapthrough. All the plots in the Figure 4.16
show a very similar trend where the reaction forces rise quickly at first. This is the portion
of the plot which represents the reaction offered by the Kirigami unit cell patch to the
generation of curvature inversion. As soon as the curvature inversion is generated, the
reaction force rises slowly and this curvature will now start propagating throughout the
patch until it results in the final snapthrough. Thus, on the basis of this parametric study, it
can be concluded that the tab geometry and its dimensions play a crucial role in the
snapthrough characteristics of the Kirigami unit cell.
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Figure 4.16. Fixed Tab Snapthrough Parametric Study
Full Prototype Snapthrough Test Comparison between FEA and Experiments
The simulation results are compared with the experimental results using a Matlab
plot. The experiment is run for a total of 5 iterations on the sample and the standard
deviation is obtained for the results of these iterations. As mentioned earlier, the objective
of this experiment is to snap the entire Kirigami unit cell (both the patches) by applying a
displacement to just one patch. The following plot in Figure 4.17 is a representation of the
full prototype snapthrough test.
The Figure 4.17 illustrates the Reaction Force vs Displacement response of the
entire Kirigami unit cell. This data was processed from the readings obtained from 5
iterations of the experiment. Hence, the Mean curve represent the mean of these 5
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observations. The Upper and the Lower curves represent the standard deviation curves
whereas the Simulated curve represents the response recorded from the simulations.

Figure 4.17. Full prototype snapthrough response.
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Figure 4.18. Raw Data from the Full Prototype Snapthrough test.
In the Figure 4.17, we come across the elliptical curves (a) and (b). These curves
represent the “First Snapthrough Region”. The First Snapthrough is defined as the
snapthrough of the laminate that is subjected to the displacement boundary condition. This
snap is clearly seen in the curve (b) with a sudden drop in the reaction force offered by the
patch [90/0]. The snapthrough region is not clearly defined in curve (a) as the data
represented is the mean of 5 iterations and each iteration has a shift in the negative spike
to indicate the snapthrough. Further, we observe the “Second Snapthrough Region” at the
locations of curves (c) and (d). The Second Snapthrough is defined as the snapthrough of
the laminate which is clamped between the teeth of the fixture. The curve (c) is
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comparatively better at representing the sudden drop than the curve (a). This is because the
second snapthrough occurred more or less at the same location on the curve for all 5
iterations of the experiment. Similarly, the simulated response exhibits a sudden drop in
the reaction force to indicate the snapthrough of the second patch [90/0].
The Figure 4.18 represents the raw response recorded during the Full Prototype
Snapthrough test. The snapthrough regions can be clearly observed in the Figure 4.18
which consists of the sharp spikes. It also includes the initial response recorded by the
testing machine. This initial response is recorded when the machine lifts the Kirigami unit
cell patch from its starting position. Also, this response can be attributed to the
experimental setup involving the hinges. The hinges and the clamping arrangement can
offer resistance to the movement of the sample. Hence, this data was neglected in Figure
4.17.
In the full prototype snapthrough experiment as well as the simulation, it was
observed that the patch which was subjected to the displacement snapped first. In both the
cases, the patch [90/0] was subjected to the displacement boundary condition. The snap
induced in the [90/0] patch propagates through the tab and snaps the other patch ([0/90]).
We can observe looking at the responses that the displacements at which the snapthrough
occur are close to each other but still they are different. The first snapthrough is observed
to be in the displacement range of 40 mm - 50 mm for the experiment whereas it occurs at
88 mm in the simulations. In case of the second snapthrough, it occurs in the range of 140
mm-150 mm of displacement. However, it occurs at a displacement of 156 mm in the
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simulations. Additionally, the maximum reaction forces offered by the samples show a
similar trend (if the initial response because of the sample weight is neglected).

Figure 4.19. Full Prototype Snapthrough process.
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The Figure 4.19 illustrates the curvature propagation through the sample which
induces the snapthrough in both the patches. This curvature change is seen in the Figures
4.19 (e), (f), (g) and (h) wherein the stress color map is used to represent this change in
curvature. This experiment shows that a multistable structure like a Kirigami composite
unit cell can be transformed by actuating a single patch only. Thus, the tab proves to be an
important structure of connectivity between the two individual patches and it helps to snap
the entire Kirigami unit cell by deforming a single patch.
Stiffness Test Comparison between FEA and Experiments
The earlier tests were carried out to study the snapping mechanism of the Kirigami
unit cell. In order to study the potential application of a Kirigami composite, the stiffness
test was developed. These stiffness tests were carried out with the Kirigami unit cells in
the “00” and the “11” configuration. Each stiffness test was repeated 5 times and the results
were processed into a mean and standard deviation plot.
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Figure 4.20. Stiffness test response.(a) Displacement vs Reaction force response for
stiffness test in “00” configuration.(b) Displacement vs Reaction Force response for
stiffness test in “11” configuration.
The stiffness tests were performed with the objective of studying the stiffness
behavior of the Kirigami unit cell in its two extreme configurations. The plots in Figure
4.20 illustrate the Displacement versus Reaction Force characteristics for the “00” and “11”
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configurations of the Kirigami unit cell. The experimental plots are represented by the
Mean curve and the Upper and Lower curves obtained from the Standard Deviation
calculations. When the Kirigami composite is in the “00” configuration, the deformation is
concentrated in the region of the tab. Hence, the tab is subjected to the maximum stress
and we observe a non-linear curve in both the experiment as well as the simulation. On the
other hand, when the Kirigami composite is in the “11” configuration, the defomation is
distributed throughout the entire geometry of the sample. As a result, the whole Kirigami
composite body offers an almost linear response to the stiffness loading condtion. Using
this data, the stiffness coefficients were determined for both the “00” and “11”
configurations. In case of the “00” configuration, the experimental and simulated stiffness
coefficents were 0.06 N/mm and 0.07 N/mm respectively. On the other hand, the
experimental and simulated stiffness coefficients for the “11” configuration were 0.02
N/mm and 0.01 N/mm respectively. These stiffness coefficients are calculated over a range
of 0 mm - 2 mm of displacement. The Figure 4.20 illustrates the stiffness test carried out
in the “00” and the “11” configurations. Thus, it can be inferred from this data that stiffness
can be effectively programmed by switching the configuration or the states in a Kirigami
composite.
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Figure 4.21. Stiffness Test.(a) Testing in the “00” configuration with deformation
localised in the region of the tab.(b) Testing in the “11” configuration with
deformation distributed throughout the Kirigami unit cell.
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Discussion
The differences in the experimental responses and the simulated responses in all
the three tests can be attributed to the uneven cooling process experienced by the laminates.
The Kirigami unit cell is fabricated by placing it on top of an aluminum plate. During the
cooling process, the air surrounding the top layer of the laminate cools down faster in
comparison to the aluminum plate at the bottom. Hence, the thermal stresses developed are
not uniform on the upper surface and the lower surface of the Kirigami composite.
However, in case of the simulation, the cooling process is an ideal one. The top surface of
the laminate as well as its bottom surface will be subjected to the same rate of cooling.
Hence, the two patches in the Kirigami unit cell are cured identically in case of the
simulation. Therefore, the snapthrough and the snapback responses are the same for both
the patches of the unit cell in the simulation. On the other hand, the two patches in the
prototypes will not be cured identically and hence, their responses are not identical.
In addition to this, the use of different material properties in the simulation also
plays an important role in the simulated response. The prototypes were fabricated from DA
409U/ G35-150 and the simulation used AS4-8552 material properties. This is because
some of the material properties required in the simulation were not made available by the
manufacturer of the DA 409U/ G35-150 material. Hence, it is extremely important to
determine the mechanical properties of this material in order to validate the results in a
better manner.
Furthermore, the presence of moisture in the prototypes will also vary the response
obtained from the samples. The simulation model does not take into account the presence
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of moisture and hence the sample is in a dry state. However, in case of the prototypes, due
to the prevalent environmental conditions, the prototype epoxy absorbs moisture and this
relieves the internal thermal stresses. As a result, the prototypes lose their curvature and
become weaker in terms of their bistability. In case of extremely humid conditions, the
prototypes can even lose their bistability within a day of their fabrication.
One remedy over this problem is to heat the samples before testing them so that the
moisture is evaporated. Thus, even though the samples were heated before testing them, it
is possible for the prototypes to give out a different response depending on the
environmental conditions and their moisture absorption rate. This creates a huge
uncertainty in terms of the results obtained from different samples even though they were
fabricated in the same batch. Hence, the response is not exactly accurate but shows a similar
trend when compared to the simulation results. To summarise this discussion, we can
attribute the uncertainty and the difference between the experimental results and the
simulated results to the following factors:
1. The cool down procedure in the curing process being non-uniform for the
top surface and the bottom surface of the Kirigami unit cell.
2. Experimental setup involving coercive loading.
3. Different material properties.
4. Effect of moisture on bistability.
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CHAPTER FIVE
PARAMETRIC STUDIES
Stiffness Parametric Study 1
In order to determine the effect of the design on the stiffness response of the
Kirigami unit cell, a parametric study was designed. It involved running the same set of
stiffness simulations as earlier. However, the design of the Kirigami unit cell was tweaked
slightly. The tab length was varied from 0.1 to 0.5 times the length of the unit cell (127
mm). Thus, we have 5 designs in which the tab length was changed for the stiffness test in
both the “00” and “11” configurations. The main objective of this parametric study is to
study the effect of the change in tab length on the stiffness ratio of the Kirigami unit cell.
It has to be noted that the stiffness ratio here indicates the ratio of stiffness in the “00”
configuration to the stiffness in the “11” configuration. The length of tab is varied up to
0.5 times the length of the Kirigami unit cell as a value above that will result in loss of the
snapthrough phenomenon and independence between the two patches. To put it simply, if
the tab length is at 0.6 times the length of the Kirigami unit cell, it will be impossible to
snap both the patches to the “11” configuration. This will also not allow the user to run the
Stiffness test in the “11” configuration. The stiffness coefficients are calculated over a
range of 0 mm - 2 mm of displacement.
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Figure 5.1. The change in tab length for parametric study (a) - (e).

The following set of figures illustrate the responses offered by the Kirigami unit
cells when the tab length is varied. These results have been recorded from the simulated
models.
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Figure 5.2. Stiffness response for Tab length of 12.7 mm.
Figure 5.2 illustrates the Reaction Force vs Displacement resposne for the Kirigami unit
cell model with a tab length of 12.7 mm. The behavior is observed to be similar to the
earlier Stiffness test results, however, the reaction forces observed are much lesser. In the
“00” configuration, for all the iterations of these set of simulations, a non linear curve is
observed. This is due to the concentration of the deformation in the area of the tab as
mentioned in the earlier chapter. In case of the “11” configuration, the behavior of the
sample will be somewhat linear because the deformation is distributed throughout the
entire unit cell. For a tab length of 12.7 mm, the stiffness “K” is 0.024 N/mm and 0.004
N/mm for the “00” and “11” configurations respectively. In case of a tab length of 25.4
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mm, the stiffness “K” is 0.07 N/mm and 0.013 N/mm for the “00” and “11” configurations
respectively.

Figure 5.3. Stiffness response for Tab length of 25.4 mm.
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Figure 5.4. Stiffness response for Tab length of 38.1 mm.
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Figure 5.5. Stiffness response for Tab length of 50.8 mm.
It is observed that the maximum force sustained by the Kirigami unit cells increases with
an increase in the tab length. From the Figure 5.4, for a tab length of 38.1 mm, it is observed
that the Kirigami composite cell has a stiffness of 0.14 N/mm in the “00” configuration
and 0.01 N/mm in the “11” configuration. Referring to Figure 5.5, for a tab length of 50.8
mm, the stiffness was 0.23 N/mm in the “00” configuraton. On the other hand, it was 0.02
N/mm for the “11” configuration. In the final tab length of 63.5 mm, the stiffness changes
to 0.38 N/mm for the “00” configuration and 0.04 N/mm for the “11” configuration.
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Figure 5.6. Stiffness response for Tab length of 63.5 mm.
These results were combined to plot the stiffness response as per the changing
length of the tab. The Figures 5.7 and 5.8 summarise this change in stiffness in the “00”
and “11” configurations respectively.
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Figure 5.7. Stiffness responses for “00” Configuration.

Figure 5.8. Stiffness responses for “11” Configuration.
The stiffness response is observed to rise with an increase in the tab length. This proves
that an increase in the length of the tab improves the stiffness performance of the Kirigami
unit cell. In the Figure 5.9, the stiffness ratios are measured and plotted against the length
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of the tab. The stiffness ratio for a Kirigami composite is computed as the ratio of the
stiffness of the composite in the “00” configuration to its stiffness in the “11” configuration.
The stiffness ratio rises at first with an increase in the tab length but later on, it is found to
decrease beyond the tab length of 50.8 mm. It has to be noted that the Kirigami composite
loses its independence in snapping both the patches at a tab length of 76.2 mm. Thus, the
stiffness ratio rises fast at first but as we near the region of losing the independence of
snapthrough, it slowly starts decreasing (Figure 5.9). The parametric study was not carried
out for tab lengths over 76.2 mm as we did not have independence in the snapthrough
behavior of the patches.

Figure 5.9. Stiffness Ratios for the Kirigami Unit cell in the Parametric Study 1.
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Stiffness Parametric Study 2
Another parametric study was designed to determine the stiffness response of the
Kirigami composites with a change in the dimensions of the laminates. The length was kept
constant at 127 mm, however, the width of the Kirigami composite was changed to 76.2
mm and the tab length was varied from 0.1 to 0.5 times the length of the Kirigami
composite. This parametric study is very similar to the earlier parametric study with the
only difference being the width of the laminates. The stiffness simulations were carried out
with the samples in the “00” and the “11” configurations. It was observed that the Kirigami
composites lost their independence in snapping when the tab length was increased to 0.6
times the length of the laminates. Hence, the stiffness test simulation was computed only
for 5 designs of the Kirigami composites. The main objective behind carrying out this
parametric study was to determine what effect was observed due to the change in the
dimensions of the Kirigami composites. In order to maintain a standard for measurement
of stiffness coefficient, the range is kept at 0 mm - 2 mm.
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Figure 5.10. The change in tab length for parametric study 2 (a) - (e) with modified
laminate width.
The following figures illustrate the responses recorded from ABAQUS™
simulations. Each dimension of the tab length has 2 stiffness responses, namely, in the “00”
configuration and in the “11” configuration.
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Figure 5.11. Stiffness response for Tab length of 12.7 mm and laminate width of 76.2
mm.
The Figure 5.11 represents the stiffness response for the model with a tab length of
12.7 mm. The stiffness observed in the “00” configuration is 0.018 N/mm and in the “11”
configuration is 0.005 N/mm.
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Figure 5.12. Stiffness response for Tab length of 25.4 mm and laminate width of 76.2
mm.
For a tab length of 25.4 mm, from Figure 5.12, the stiffness is 0.048 N/mm and 0.003
N/mm in the “00” and the “11” configurations respectively. In case of a tab length of 38.1
mm, the “00” configuration has a stiffness of 0.091 N/mm and the “11” configuration has
a stiffness of 0.024 N/mm. This is represented in the Figure 5.13.
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Figure 5.13. Stiffness response for Tab length of 38.1 mm and laminate width of 76.2
mm.

The Figure 5.14 represents the stiffness response when the tab length is increased to 50.8
mm. Thus, the stiffness observed is 0.15 N/mm in the “00” configuration and it is 0.036
N/mm in the “11” configuration. Similarly, Figure 5.15 represents the stiffness response
when the tab length is at 63.5 mm. For the “00” configuration, the stiffness is 0.228 N/mm
and for the “11”configuration, it is 0.065 N/mm.
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Figure 5.14. Stiffness response for Tab length of 50.8 mm and laminate width of 76.2
mm.
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Figure 5.15. Stiffness response for Tab length of 63.5 mm and laminate width of 76.2
mm..
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Figure 5.16. Stiffness responses for “00” Configuration.
The Figures 5.16 and 5.17 represent the stiffness responses for the “00” and “11”
configurations respectively. These summarize the total response at the various tab lengths.

Figure 5.17. Stiffness responses for “11” Configuration.
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Figure 5.18. Stiffness Ratios for the Kirigami Unit cell in the Parametric Study 2.
The stiffness ratio is computed as mentioned in the earlier parametric study. The
stiffness ratio is observed to rise with an increase in the tab length as seen in the Figure
5.18. However, it drops in magnitude as it reaches the region where the independence of
snapthrough between the individual laminates is lost. The parametric study is thus not
applied when the tab length is at 76.2 mm since the independence of snapthrough is lost.
In case of the response of the stiffness ratios in both the parametric studies, we see
a decrease in the stiffness ratios beyond the tab length of 50.8 mm. This decrease is
observed because of the tab length increases the overall strength of the Kirigami unit cell.
This, in turn, increases the stiffness coefficient in the 11 configuration. On comparing the
two parametric studies, it was observed that the stiffness coefficients obtained in the second
parametric study were greater. This can be attributed to the increase in the width of the
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patches of the Kirigami unit cell. However, the stiffness ratios obtained in the second
parametric study were lesser compared to the first parametric study. An increase in the
width of the patch increases the number of fibers in the [0]o direction for the both the [0/90]
as well as the [90/0] patches. Hence, a different response is observed in the second
parametric study even though the trend is similar. Additionally, the Kirigami unit cell
exhibits different stiffnesses in the different configurations and with different tab
geometries. This will be very helpful in developing potential stiffness-related applications
consisting of Kirigami unit cells.
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CHAPTER SIX
CONCLUSION AND FUTURE WORK
This chapter summarises the procedure followed in the study of the Kirigami
composite. It discusses the results of every step of the procedure and the contribution of
this research toward the development of multistable smart structures. The second half of
this chapter recommends the future work in this research area.
Conclusion
This research study addressed the following areas:
1. Simulation of a Kirigami unit cell and the experimental studies.
2. Fabrication of a Kirigami unit cell.
3. Design of Experiment for investigating the independence of the patches, full
prototype snapthrough response and stiffness properties.
Simulation of a Kirigami unit cell and the experimental studies
On the basis of the existing literature, a standard simulation procedure was
developed to simulate the curing process of a Kirigami unit cell. In addition to the curing
process, simulation models were developed to obtain the snapthrough and snapback
phenomena using boundary conditions in accordance with the experimental setup. Also,
stiffness tests were simulated using ABAQUS™. The snapthrough, snapback and stiffness
tests consisted of a displacement control setup. Thus, different displacements were applied
as per the experiment being performed in the form of ramped displacements. The reaction
force was measured and the results were processed further to determine the Displacement
versus Reaction Force response.
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Result: Simulation procedures were developed on the basis of the existing literature
and compared with the experiments.
Fabrication of a Kirigami Unit cell
The art of Kirigami was inserted into the design of structures using Bistable
Composites. Using the pattern generated by combining Kirigami and Bistability in
composites, a complex structure was fabricated using unsymmetric laminates. However, a
simplified structure was fabricated which would form the most basic unit of a larger
Kirigami multi stable structure. This simplified structure was termed as a Kirigami unit
cell. The material DA 409U/ G35-150 was used for fabrication of the Kirigami unit cell.
The fabrication process consisted of cutting the plies in the form of a Kirigami pattern.
This was followed by laying the prepregs in this pattern and then curing the laminates in a
hot oven using a vacuum bagging process.
Result: The fabricated Kirigami laminates consisted of 2 patches connected to each
other by a tab. Inspite of the presence of this tab, the laminates exhibited independence in
snapthrough and snapback phenomenon.
Design of Experiment for investigating the independence of the patches, full prototype
snapthrough response and stiffness properties
An experimental setup was developed to cause the full Kirigami unit cell to snap.
The setup used was a displacement control procedure in which one patch of the unit cell
was subjected to displacement and made to snap. This patch also produced deformation in
the second patch due to the tab connection and caused the second patch to snap too. The
objective of this experiment was to examine the snapthrough process of the whole Kirigami
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unit cell. The second experimental setup was developed to measure the snapthrough and
snapback response of both the patches of the Kirigami unit cell. This test was called as the
Fixed Tab test. The main objective of this test was to study the independence of the two
patches in snapthrough and snapback. This was done by clamping the tab in the experiment.
A displacement control procedure was setup in this experiment also. In the stiffness test,
the Kirigami unit cells were studied to observe their stiffness characteristics in the “00”
and “11” configuration. A displacement was applied as the load and the response was
recorded and post-processed. In all these experiments, the boundary conditions and the
displacement were replicated from the simulation models.
Furthermore, the curvatures of the Kirigami unit cell were measured using a 3D
Profilometer. The Kirigami composite was scanned in order to get profiles along 5 axes,
namely:
1. Top Edge
2. Mid Plane
3. Bottom Edge
4. Longitudinal Mid Plane for [0/90] patch.
5. Longitudinal Mid Plane for [90/0] patch.
Result: The full prototype snapthrough displacements and reaction forces were
measured followed by the snapthrough and the snapback loads for the fixed tab tests.
Additionally, the stiffness response was measured for the Kirigami unit cell in the “00” and
“11” configurations. The curvature profiles were obtained from the Kirigami composite
using a 3D profilometer.
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Stiffness Parametric Study 1 and 2
In addition to the above areas, this research also carried out a stiffness parametric study.
This parametric study varied the length of the tab from 0.1 to 0.5 times the length of the
Kirigami unit cell. These geometries were simulated in both the “00” and “11”
configurations to study their effect on the stiffness response. In addition to this, the width
of the laminates was also increased from 63.5 mm to 76.2 mm in the stiffness parametric
study 2.
Result: Due to the variation of tab length, the Kirigami unit cell offered a different
response at each length. The reaction forces sustained by the unit cell increased with an
increase in the tab length. However, the trends remained the same with a non-linear curve
for the “00” configuration and an almost linear curve for the “11” configuration. Also, with
a different width of 76.2 mm, the Kirigami unit cell was able to offer a different stiffness
response.
Summary of Contributions made by this Research
1. Inserting the art of Kirigami into a design involving Bistable Composite laminates.
2. Study of the most fundamental unit of a Kirigami multistable laminate.
3. Design and development of a simple and cost-effective experimental setup to test
the full prototype snapthrough and fixed tab tests.
4. Design and development of an experimental setup to test the stiffness response of
the Kirigami unit cell.
5. Evaluating the stiffness response of the Kirigami unit cell.
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Future Work
The material used for fabrication of the prototypes of Kirigami unit cell is DA
409U/ G35 150. However, the material properties used in the simulations are for the
material AS4-8552. This is because of the lack of availability of all the material properties
needed for the simulations. Thus, it is necessary to measure the mechanical properties of
the prepregs of DA 409U/ G35 150. This can be done by carrying out tensile tests on
samples fabricated as per ASTM physical and mechanical testing standards. With the actual
properties obtained, we can input them into the simulations in order to get accurate results.
Furthermore, there is a high degree of uncertainty in the results obtained from the
testing of the Kirigami unit cell prototypes. Even if 10 samples were fabricated in the same
batch, the snapthrough loads and displacements and the snapback loads and displacements
vary from each other. However, the trend shown by these samples is similar. Hence, an
uncertainty analysis should be carried out to determine the parameters affecting these
differences.
The bistable composites are also very susceptible to moisture absorption. Because
of the ingress of moisture, these laminates have a tendency to lose their bistability. The
moisture relieves the thermal stresses in the laminates and causes a loss in curvature. This
problem is also observed in Kirigami composites. The current simulation models do not
take into account the presence of moisture in the prototypes. Thus, it would be helpful if
moisture is included in the development of the simulation models. It will give more
accurate results in accordance with the actual prototypes. The shelf life (life of bistable
behavior) can also be determined using the moisture model. Using this data, a methodology
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can be generated to avoid moisture absorption into the Kirigami composites which will
increase the scope of its potential applications.
In the current fabrication process, an aluminum plate is used as the mold. Due to
the presence of an aluminum mold, the bottom surface of the Kirigami composite cools
down at a different rate compared to the top surface. This results in a different surface
finish on the top and the bottom surfaces. Additionally, this also causes the Kirigami
composite to react differently in the experiments compared to the simulation models.
Hence, the effect of using a glass fiber mold should be studied to observe if it changes the
surface finish and the snapthrough, snapback and the stiffness characteristics.
This research study was aimed at studying a Kirigami unit cell. The results obtained
from this research can be used to design and develop a multistable structure from multiple
Kirigami unit cells. The Figure 6.1 represents prototypes fabricated with multiple Kirigami
unit cells as well as the simulated models. The multistable Kirigami composite model
illustrated in the Figure 6.1 is essentially the same structure with an altered layup. Thus,
we refer to these models as “Isotopes”. The future work involves the development of
experimental procedures to study the multistable Kirigami laminates. It will also involve
determination of the snapthrough and snapback characteristics for the multistable models
in addition to the stiffness characteristics. Additionally, it will involve extending the
simulation procedure discussed in this thesis to the multistable model. Moreover, it will
also be interesting to compare isotopes in terms of their multistable behavior and
snapthrough characteristics. These recommendations will be the appropriate way forward
in achieving the ultimate research objectives of the Kirigami composites project.
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Figure 6.1. Kirigami Multistable Laminates.(a) and (b) represent the fabricated
structure, (c) and (d) represent the Kirigami multistable simulated results.
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APPENDICES
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Appendix A
Simulation Procedure in ABAQUS™
A step-by-step approach is created for generalising the simulations of Bi-Stable
Composite Structures. This approach is provided as followsABAQUS™ simulation of the Kirigami unit cell model begins with the creation of the
model on the ABAQUS™ inbuilt part building interface.
Open ABAQUS™ and select “Create Model Database with Dynamic/Implicit”
Step 1: Our first step is creating the geometry of the laminate. This will be a 2-D sketch
on ABAQUS™. Geometry can also be created on a separate CAD software and imported
on ABAQUS™. Geometry is created using the following steps:
1. Click on “Parts” under the Model Tree. Modelling Space: 3D, Type: Deformable,
Base Feature Shape: Shell, Type: Planar. Click “Continue”.
2. Draw the geometry using the Toolbox Area for the Kirigami unit cell model,
draw 2 rectangles and assign the dimensions as 127 X 63.5. Join the two rectangles
with a tab of length 25.4 and a width of 6.35 and click “done” in the prompt area.
3. Split the part into 3 surfaces using the Partition command from the Options menu.
Step 2: The second step is to create a material with the correct material properties.
We are going to assign Elastic properties and Expansion Properties. Click on “Materials”.
Elastic:
1. Select “Elastic” from the drop-down menu. Mechanical  Elasticity  Elastic,
Type: “Lamina”.
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2. The properties are as follows: E1 = 135000, E2: 9500, E3: 0.3, G12: 5000, G13:
7170, G23: 3970.
Note: ABAQUS™ does not work with units. It is our duty to make sure that the
same unit system is followed while assigning values. Here, we are using N and mm.
Expansion:
1. Mechanical  Expansion, Type: Orthotropic
2. Alpha11: 2E-008, alpha22: 3.27E-005, alpha33: 3E-005
Density: 1.58e-006 (Density needed for Non-Linear analysis)
Click OK. Our Material is created.
Step 3: Third step is to assign the material properties to the geometry and to create the
composite laminate. To create a composite laminate, there are two methods.
One is to create a composite shell under the “Sections” tab and then assigning the
created geometry to the section under “Parts”. The second method is to create a “Composite
Layup” under “Parts”. In our case, both methods work. To learn the difference between the
two, refer to section 12.2.4 “Defining composite layups” in the ABAQUS™ User’s Guide.
Here, we use the second method.
1. Parts  Part 1  Composite Layups  Initial ply count: 2, Element type:
Conventional Shell, click continue.
2. Select the geometry created in step 1 as the “region”. Select Material as Material1, created in step 2. Thickness is 0.12 for both and the rotation angles are 0 and 90
for this case. For the second region, the rotation angle is 90 and for the third region,
the rotation angles are 90 and 0 with the thickness remaining 0.12. Click “OK”.
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Step 4: Creating the mesh.
1. Assembly  Instances, Instance Type: Independent, click OK  Part 1-1 
Mesh (Empty)
2. Assign Element Type: Element Library: Standard, Geometric Order: Linear,
Second Order Accuracy: Yes, click OK.
3. Seed Part Instance, Approximate Global Size: 1.5, click OK.
4. Mesh Part Instance  Click Yes in the Prompt Area.
Our mesh is created. To check the convergence of the mesh, we use an iterative
process. We run the simulation once and check the results. Then, after creating a finer mesh
by reducing the Approximate Global Size, the results are compared. This is repeated and
once the results start converging, we select the corresponding mesh for our simulations.
Step 5: Applying Loading and Boundary Conditions by creating steps.
The simulation consists of the Curing step followed by which we assign further steps as
per the experimental requirements. In case of a Full prototype snapthrough, we assign a
Displacement Control step, whereas, in case of a fixed tab test, we assign displacement
control steps to two patches. Similarly, for a stiffness test, we assign a displacement control
test to a single patch but, in the “00” and the “11” configuration.
Initial condition: We assign the initial conditions:
1. To assign the initial elevated temperature, select Predefined Fields  Other 
Temperature, click continue  Sets (Prompt Area)  Select “Laminate” (entire
geometry)  Magnitude: 121, click OK.
Cooling: In the second step, we simulate the cooling process.
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1. Click on steps  Name: “Cooling”  Procedure type: Static, General, click
Continue. “Nlgeom” should be ON, Incrementation  No of Increments-10000,
Increment Size- 0.01, Minimum- 1e-015.
The boundary condition (fixed geometry) is propagated, while the predefined field
is modified. Click on Predefined Field  Status: Modified  Magnitude: 20, click OK.
Step 6: Creating and submitting a job for analysis.
Jobs  Model-1, Name: Kirigami_unit_cell, Parallelization: Use Multiple Processors
according to the computer specifications for faster processing.
Right click on “Kirigami_unit_cell”, click Submit.
Step 7: Viewing Results.
Right Click on “Kirigami_unit_cell”, click “Results”.
From the toolbox area, click Display Group CreateResult ValueSpatial
Displacement.
To view the animation, click “Animate: Time History”.
The results are obtained from the simulation and processed further to determine the
snapthrough and snapback displacements as well as to find out the stiffness.
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Appendix B
Stiffness Test Fixture Drawing

Figure B-1 Stiffness Test Fixture Drawing.
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Appendix C
Stiffness Test Raw Response

Figure C-1 Stiffness Test Raw Response.
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